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ARXICBOTU TR R UM% A,

Ac acetyl

A angstrom

Ar aryl

aq aqueous

Bn benzyl

bp boiling point

DAPI 4’,6-diamidino-2-phenylindole

de diastereomeric excess

DMF N,N-dimethylformamide

EDTA ethylenediaminetetraacetic acid

ee enantiomeric exess

equiv equivalent

Et ethyl

FID flame ionization detector

FT-IR Fourier transform infrared spectroscopy
GC gas chromatography

GC-MS gas chromatography-mass spectrometry
h hour(s)

Hex hexyl

HMPA hexamethylphosphoramide
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AR, BREL LA 2 AHA IEZBIFE L, e LIS LT D08 O BEEMEIL,
FTETHIML TS, AEARILFICET 280 OFAEEIIR BRI S v &
SO TWD, —J7, BILEUER, R IR 2 R LA & 3 2B L EUS O fIEE & £ o
AFHIZONWTIE, ARBIOGHETHRCEENTWND, 29 LEBLAND, HEAK
AR TE T DL S 2T D DOBHFE & £ ORBERIEZA 6T 52 L0 EE
PRIZABRTH D, ZORBRBKROP T, NTIPU L R EZII L0 & T 5ER R M
& oy IRER TR WAl & U TR bSO S ORIENE & 2 DA DRI 2 581%, FEHICEH
FHINTHD Y, BBRSRMEOPTYL, T U0 MG < | BIE < BUS
IZHWHNTWNDG Py RT U AMMHIRE S 0T P A E 2437 V7 BT D
MDD, 2 M7 20 LD 31T 2 iRV E DML, B 72 (2t OWFZERRRE &
7o TND Y, 2 2T EETBASOSAME & L CHAMOE W 2 li3T U0 ACEH L,
Z OfitEgRE O b LB A A A~ OIS 2 21T o T2,

2 ffinT DU A W2 AL SOG O T, REZROEEI D —> L LTA~FZ | -
T —{ERDH D, ZOFEL, KEERF THEIL ST DU A EE LS OMBAFTE T, =F
Ly BB LT N T AT e RERLHIETHLHE )Y, 2ot ofAas bEiiy

v h—fgt e LTE<mBENTEY, LEMFHINTWD, ZORINMIRD L 5 I12E

PdCl,, CuCl, 0

— + H,0 )
’ O, H)K

Q\Pdﬂ” HO -HPdCI 0
+ Hzo
H o H><\/PdCI H/l\
oxypalladation
Scheme 1



17 %, ZF LA RT V0 ARENL LT, KORBHBIZL Y AX T RT U7 A
FRANER SN D, 0%, ZOFMKNSE AT A R FOBEHCE Y, 7& b
T T e R3S D (Scheme 1), ZORIGTRONDAF LT V7 2l RT VT A
b FU FOAERIE, 2li/3T7 20 MMl z W2 ROSORETH 5,

ZDU T — i 2 mmik T v v DFRBIZ R R S SO 2R 2 1TRT, Z OB
S, i Uy =G E LTHLENTWD Y, TAAF SR T V7 = L A ISR
AR TV v B AR B ZAE NN- A F VRV AT 2RISR T, b RT Y
7 A, RS S OMAE DR A AV TREABIE L, ATFAT R R ELNR D,
Z ORI ke L R OREE CRIENEITT 5,

PdCl,, CuCl 0
/— *HO (2)
R 0,, DMF N

R = alkyl, alkenyl

ST, Uy I —Ri 2 45 TN EOSICRIH LEEBRILAY O RTFIENHE ST
L (IR FEH 2K 3R, FNT v =R E TR D Z OGS SR & RIS, 49

FTARTOAFINT VT LMEENT YT L B ROREEZ &R TERILAERM P TON S,

X ~ PdCly, CuCl, S
Z— Z—r (3)
Z>oH O,, MeCN e

FICHR RIS TS L THOWOLNTWA 2T P ACER L THRLE, —KIC

A ABPEDONEIZ S PER E & S TWD, Lo L, B bR T U0 A& iz s &
FOGHER W= DIZRI S DO = 5, Flz, fFES a7 VR &2 G- OBREE

HCTHELI RV, —F5, ~aF U2 & ERVEHR AT VU MIBRBEITP S LR



(BB & 72 2203, BOGHE & LRl 2 U S EREICRITH2DORRETH D, ZD
il B DBERE 2 7] 19~ 2 72012, B DR F O E DM 23 | I ARIER 2 IR VTV 5,
O LI mRoR T, FFRITETHR T VU Al oMEER LICHRHEATE, ZDlk
D2l T VU LIS R K o IRIRRE 2 S5 2 & TREEYED M) &2 iA A T,
EDHOD—DDFEE LT, FHRBEREN DT a— L EHEIC K VIER S D Z &I
FERL D, B NT VU A-FERH- 1 T 2 — L OB ST B BNV, D TIRIEE AT
ML D 2 e ailhle, DT RBENEHELENDGZ LT, NTPTULE R FERS
WZER L, iyEHFECH D37 V7 Ak Re~bd 4 A4 RAERORKE HFICT 52
& T, Wi/ NT VU LOFMPREBIIZH LTS Z Lo,

KimXOHE 1 =TI, . ZOFRBICBUSAEEZ W=7 U rT7rva—nEm 1 &
BT —T L 2 b0 2-Taxy T T K77 U EEE 3 OS5 ERIEIC O

Tk 2% (Scheme 2)*, i T, Z ORI TH SIS AR 3a (R=Ph, R =E)D T /L7

Pd(OAc),
Cu(OAc),-catechol RTX
RX""0H * Z oR
O, (1 atm), MeCN, rt o~ TOR'
1 2 OH 3
1aR = Ph 2aR =Ft ocatechol = @OH
:b I'_i\: = ﬁl-NOZC6H4 2b R'=n-Bu 4
cR= . a
1dR = Me 2°R‘<D

Scheme 2

ERAL D NEARIBIRAVAE RIS DWW TR D, SUSDOEE E LT FI AT ha—d 50
L] BAEAR(E)-1a & D WE(2)-1a &, TNENTTF L E=/LT—F /1(2a) (R’ = EOITSUGR S
¥l 2 A, ST DAEMM(Z)-3a L NE)-3a OADBIRMIZELND Z EA2 AL

(Scheme 3)*, F72bbH . ZORISITREHFERGICHEITT S, ZOZ LiF, 2MfiT VT A



DG D IAMEAICONWTORANEHE 10D, KETIE, ZhDLOMRELLICLTA
PGS DR & BT D,

5 mol% Pd(OAc),-Cu(OAc), H
10 mol% catechol Ph™ X

O,, MeCN, t, 3 h

(E)-1a 2a o OFt

82% (2)-3a

Ph Ph
" H AN

VOH ' /\OEt O,, MeCN 6 h

21 e 1rt1

(2)1a 2a o O

7% (E)-3a
Scheme 3

F2ETIE, BRI AR S 2T DMRFRUNL - 2 AT, LR 3a D 2-77 v
2% VAL DA RFBEDOSARFEIZ OV THRET L7z, 77206, FIAREZXFXH VY
VBT 5 HALIHAATERERE ST VU A -BERRER- T T 2 — Vi A T, Bix o7 v 3
FUMBEAFFOE = L —T L 2 &V I VTV a— L (1a)D i & 1T - 72 (Scheme 4),
ZOFEFR, T INT A a—(la)k TF A E =L —TL(2b)E DG TIX, AL F
B+ U 2 5a (R =Ph)ZFAIAATEL Z A, ERMH)-3b (R = n-Bu) B ILE 86%., RAFULHR

53% THEHLNTZ Y, ZOARFINERZ, Bt U CHE A2 AW AFT T v b —RIER L RO

5 mol% Pd(OAc),, Cu(OAc),

10 mol% catechol, L* N

Ph"""OH * ZOR Ph/ﬂziili
1a 2 O,, toluene (2.5 ml), rt, 24 h o~ “OR'
4 mmol Q O (+)-3
(1 mmol) ( ) L+ = £ /: i\j.’f
RN N R
5
Scheme 4



OFTIE, HHEWVESE LTI TE 5, o, 2O I 7 /ba—(layk b=
N =T 2 DAFMI-BAIZ 0D TOHTRAFY v I —BIGEE LTSNS,
WIZ, TORBERISTERT D 2-70ax>7 hTk Kr 7748 3 OHuxctBlE ok
TE#1T>7=(Scheme 5), 72 H, 4-= bt I T a— L& FEIZHVT Scheme 4
DFETEHR LT T T U R(#+)-3¢ (R=4-NO,CH,, R’=EtyY= hufzEcL, 7 /{bhH
Y)(+)-3m (R = 4-NH,C¢Hy, R* = Et) 1572, Z O{LEW(H)-3m & AFMEIFI(R)-6 & KUl S
B OOV T AT LAY —(R2R)-, (R2S)-TZE W=, Z DT T AT LA~—IBEWE 1,2-
VA RFRYZE L VA Y TR ELT =T NS BT D & XRS5 L
TCH—U 7 AT LA~ — ORI GO, ZOREO X-BET NG, o7 AT L
= — OMRELEIZ(R2S)-KTH D Z L3y oT-, ZOREE L HPLC & NMR OfEHT#% 5
ZEH T, Scheme 4 [ZRTRICTEAERM L LTHRLILDH(+H)-3a (R = EO)DO#fALE 13
RARERETERY, ZORERIT, A, RAFIEORBEREZ BT 57200

HRHRIZRD EEZEZTWD,

4-NOZCGH4/\?—>\* i 4-NH2C6H4/\?—>\* i

W el
o, o ee () NCO

recrystalllzatlon
) 2
0" Okt o OEt

(R,2S)-7
(R, 2R) +(R,2S)
72%

1) (+)-3¢ (0.5 mmol), NH,NH,*H,0 (4 equiv), FeCl; (0.5 equiv), active-Carbon (7 equiv per FeCl;),
2.5 mL each of THF and EtOH, 70 °C, 2 h. ii) (+)-3m (0.23 mmol), (R)-6 (0.23 mmol), THF (0.9
mL), rt, 21 h.

Scheme 5
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IO OBFEERE T, IRFIERIIANT VU L-RFRNAFIAIS, SOSMEITH- 07 22—
JABNIZ XL VI S D) & DERERF AL T, 28T 20 A1)-F(D AR o 268 o
THMA L7, ZOETIE, TORADIELECHO W T HiwET %,

FIETIE, RGBS TELNZ2-T vax T h Tk Ru 77 U1K 3 OAEYE
PEIZOWTHAE LR RICONWTIER S, flix OGMBERRICEWOTITIX, EmiEtE
EFFOLDONLMBEN TN D, HEEHEIE, TR A GHE B B O EHEE K 7)1
BhS EOFERFTRICE D, —#HD 2-T L aXvA4-_U DY FUT R Te kR 77030
EYTEMERE 21T o120 ZOREE, (040U F 27T hF2F F5 8 Fr 75 23b)
(R=H, R’=n-Bu)7’, b b AMJFHE U937 (2K L TT AR b—Y AFEFE A2 RS2 L &2/
U729 ZofbaZ A msiiE U937 (26 L TR G LR A2 PRl GBI R (£ « &
A, £ &EE), (LEW3b 2@ LI, S ilaER oD, 2o

AIRAREE N, TR B = ZAHKTHDHZ L1, 7a~F U6, DNA 74— 12X DR L

t b AR U9B 7 %4 2 M8 Fis L 3 5

EEERE b&% 3b (2004 M) ZESHN L 7=HIE (615
HEBHE : 2 he—/1(10% FBS RPMD O

oo ZORERERFE X T, LV EWIUBIEEZSDS 72012, 40O DU F U8 K
2ANEDT VA X A 2 DEBILAZEANLTZT T MK 3 OEREIToTe, TDO—flL
LCT v aXx AL DT L% Scheme 6 [Z” T, LA 3e 1T A X ) — /L & i SR IEEk
(IDAEAFAE T CRINESED &, TEX— AN Z Y | A MV EICE B I

LAY 3n DR 80% D EINERTHE LN ", ZOFETERENT 2/ —HED T L=
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X Fe(ClO,); (0.1 eq.) X
+ CH3OH
O,N 0~ TOEt THF, 1, 2 h O,N 0~ ~OCH,

3c (5eq.) 80 % 3n

Scheme 6

X UEEFOMLAEWIZOWNTOEMIHEEREME IOV THIRRD, To—fFlE LT, X
VEVERO pAIl= bukAEA L, TR T VAL AE Y 3d R =
4-NO,, R’=n-Bu)2s, HbBWHIH AGEHEZ RO LT,

WA TECHE, ARORIEROA % OB,
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FB1E NT VU AAD-HHADD HHERK S 5 FRBE LR A o BE 3

— T IATILa—VEOE =LV —F I~DFI - BILK S —

s
i

fix D2 fli/ ST V7 Ml T2 7 VA v b SRR & OIS IEE A < BFgE &
nNTn5 2 ZRHEOHZESBFICBWT, 7 VAT b a— VA RER & LTRWERE
X, ARUEFERICH E VER ZBO TR P 1987 AEICNA - KiE ™51k - T, K
EHRlIE LTT VAT va—VE8e Wt oo —F UV E8E ORSHRE SN TWS, =
DRIGIE, AHFNT 0 LRRRICHEN T, 2 FAHN -2 X VL EZZ T, TDO%NTY

At KU RBEEZRC2-Tvaxy T b T8 Re7J 4K 3 %5 % 5(Scheme 7), Z @

R PdX
H
N G L TN
+ —»
OH OR' | -HPdX O OR'
1 2 oxypalladation 3

Scheme 7

IRT DT DIENL LT T NV AR SRER DK ET D 2 L0 ZORISITY v I —R
JoE LTS NG, WA - RELIZZ OIS THIE T 20 L& BH 5 LT &
BEHWTEBY | BN T, £z, —HOKIRTIE, Bt & U CHERR %
RN D Z & TR 7 L2 #ERF LT D, FEH DGR L WS LT, HiIT Morken

DIZE Y ZORIEDIRIE S 1L, BEfR N7 U0 Al 2 Wz 2-7 v afx 4 =7 K7
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bt Fe 7T O EREREMRIZOVWTHESNT, L, 2ONRICEBWT bk &
iEOMLAl L L CGREIOEFERSS AV S Ting 1,

EHEIL, RO T a— L LRSS 5 RBEEFAE T THWS Z LT, ZORIGT
D27 U LAOMBAERNE LM ET 22 LA/ L, 7 a—nghfiifte L
TERANB < &0 D ZORFAIL, GEAEFEMICEERZT TR 00 T U7 MMERIC
BOWTHEFN/2NWZ ETHDH, ZORAIILULTOELR NG/ STz,

INFETIT, HAL ST VT AL HALSAD & X A F LR AFRLT 2 RHMPA) & LA
WIS 2T LRI TR L L. R 7T Vo7 27 b AL T D Oe s S h
TW5 P, Z DY AT LTI F & LT HMPA 288 L TR T8I L S ',
2 i3 T VU AOMEAER RN 2D LB Z LTV, S T a—L RS
ads ", ZoBTa—L Ll OMBEDENBRLTEELSEL ZLBmbNT
W5, ZnbDZ b, BETT2MAT7 VYL 2L # T 2 — L OMAEEIC
KO WEFRFREEAL S, 2037 20 LAOMBHERAED G TS Z &2 8E LT,

ARETIEL, ZNHLDOZ EE2HERIT, ZOFBRBILEOCAEEZ vz, 7Y AT ra—
H1ib=oAm—T N 20560 2-TAhaxy T hT b Ka 7T UiFER 3 Offisakikic
DWNWTIRRD, WIS, ER 3a DT VT ENLIZAE H L, Z OFMLO STARBLE B 2 M
TROBRI A ) O HIENZ DV TR R D, 12, 2Mli/3T 27 L2 flifi-7 7 =2 — /L DS

MO IR DR & X7 20 A E < BT a— A OFEENZOW TR D,

1. 2. HREEE

FEfR /X T 20 L-WEERS- 71 7 2 — VAR 2 A VIREAFE T, 7' b= b VWS,

FHaeOT I NVTLa—LVE1 = 1o—T 12 EORISEITo T, FDOFEE % Table 1 12

R, WTNORIGIZBW T BT a— & AWV 5D &5t d 54588 3 135 IE#E(73-96%)
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TRbNiz, —F. BT a—=NEMVRWGEEE, T YT LEOILRAE Z ) | LR

IIFEIN DFERD X 91D LTz, 7 U AT L a—/b(1e) & (2b) & DEIGH B S5 ARk

Table 1. Reaction of Allylic Alcohols 1 and Vinyl Ethers 22

entry  allylic alcohol vinyl ether time product yield of 3
1 2 h 3 DA
R R™ N
R
\/\/OH P o R
o ©O
1 1aR=Ph 2aR'=Et 3 3aR=Ph, R =Et 82 (48)
2  1laR=Ph 2bR'=n-Bu 3 3bR=Ph,R'=n-Bu 74 (31)
1bR=4-NO,Ph 2aR'=Et 12 3¢ R =4-NO,Ph 96 (15)
R'=Et
4 1bR=4-NO,Ph  2bR'=r-Bu 3 3d R =4-NO,Ph 74
R'=n-Bu
R
R \/\/OH
Z>07 0 o~ ~o0” o
5¢  1aR=Ph 2¢ 6 3e R = Ph¢ 72(23)
6  1bR=4-NO,Ph 2c 24 3f R = 4-NO,Ph! 78(51)
OH n-Bu N
' 07 _n-Bu
o O
7 1c 2b 3 3g 73(17)
M OH Z
N AN 0 _n-Bu _n-Bu
o O
8° 1d 2b 3 3hf 74 (25)

2Pd(OAc); (11.2 mg, 0.05 mmol), Cu(OAc), (9.1 mg, 0.05 mmol), and catechol (4a)
(11.0 mg, 0.1 mmol) were dissolved in MeCN (0.5 mL) in a 25 mL side-armed round
bottomed flask under O, (balloon), and the mixture was stirred for 30 min at room
temperature. Vinyl ether 2 (4.0 mmol) was added to the flask, and a solution of allylic
alcohol 1 (1.0 mmol) in MeCN (0.5 mL) was then added. The mixture was stirred at
room temperature untill allylic alcohol was nearly completely consumed. P Isolated
yields based on 1. Parentheses contain yields in the case of not using 4a. © Using 0.1
mmol of Pd(OAc),, Cu(OAc),, and 4a in each, all other conditions the same. 4 The
ratio of R*R*/R*S* was 87/13 in 3e, and 86/14 in 3f. In the case of not using 4a, the
value was 87/13 and 93/7, respectively. € In this entry, GC yields of 3 based on 1
using anisole as an internal standard are shown. f The cis/trans ratio was 71/29, and in
the case of not using 4a, it was 65/35.
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W2-7 FXxLA4-TX Y AF LT Tk Ra 75 (3g) (Table 1, entry 6)DHEEIZE H 45
EL ING—EHOILEYDOILANEEEZR L TWND I ENGDH, 2-7 7 -1-4—/11d) &
2d L OIS BFLND AR 4- =17 N F & Ka 7 F . 3h (cis/trans = 71/29, Table 1,
entry 7)® cis/trans Ftid, 2D NOESY FEBRIC K-> TREL Y, 72, ZDILEW 3h O
ENORISEBET D L AF T Vb, BRIEE TIX Scheme 1 DM THEITT 525,

B-7Kk & Wi B D Bl TRIBHD A F VI KA ZGIE /S 2 LI X > TERMZIERNKT 5 Z

LGyl
Ph Ph
xpd_"
7
X -HPdX
o 0 0 ) OEt
PdX
1a + 23 2 | 2 _PdX
X PdX
0~ “OEt
-HPdX
o Ot o~ TOEt
Scheme 8 3a

EZAT, WA REDICE - THESLZaS P ClE, 1a & 2a L ORUS TIZERDY

a lIFONT, AF T MEOEIZ -2 FERILND 2- F ¥ -4-7 = =)L-36-

b RrET @) E 525 LI TV DH(Scheme 8), LML, D@L TIHLAY 8
DOREEREITFEICAT O TR o7, FFIL. ZOMEHOHEEZHEND L, Z
D TR B D A DRI % X-BbR s ST IC L IRET 5 2 L1 L, AR 3a
FHEFmA DN Tolod, RUBUBRRD pAALlil = P28 A LI bEY 3¢ (R=
4-NO,CH,) & ARk L7= & Z A(Table 1, entry 3), EAFZRfESA G DALz, X-BRisEaAg S i

NGO NTZANT v T K% Figare 11237, ZORRNL, ZOMEW 3¢ 1X(2)-X Y

VS B ARSI MEETHLZ NS o7-, ZDXHIC, 1a & 2a EELNDHAE
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triclinic
P1 (#2)
SR oo
- . — 0,
c = 4.8355(6) A 21 '_Z'; é’o/
a =95.35(1)° w = 4.0 70
£ =97.18(1)° shift/error = 0.001
7 =113.337(8)° goodness of fit = 1.50

Figure 1. ORTEP drawing of compound 3c.

D OREE L, BT B ERO 8 Tldkel| 77 VB E RO 3a THDH Z L UM
iz,

TN AF NI T =B E AT DALEY 3 ORSEIRIE b | X-Hiin da i S AT 2
T o720 Z DA 3f (XiE 3e)lE DD YT 2T L A~ —(R*R*/R* S*)DIEEW T %
B, TNENDOEMEEZ TLCIZE - TREITLIENTED, —HDOYT AT LA~ —3f
225 HAERG DAL, XA SR 21T 5 2 L AN T & 72, Figure 2 (IR T ANT v

e, ZOVT AT LA—0O " DDF T IVIRFIL(R*RHTHDHZ LNy -oT-,

monoclinic

C2/c(#15)

a=19.238(4)A R, =4.86%
b=12.755(3) A Ry =14.34%

¢ =15.148(3) A Shift/error = 0.002

£ =124.62(1) Goodness of fit = 0.898

V=3058(1)A3

Figure 2. ORTEP drawing of compound 3f.

INFETHRARTELILEEZ T, ZORSTHLNDERDOREIZER LTHRD
&L BB OA LT 4 UL ONRERE X, BB OV T I T 3 — b (1a) DRI

FELTWDZERTHEND, EBRIC, (E)-V > F T va—(1a)k 2b & DG TIE,
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R
_j OR' -HX Ji -HPdX o OR
O OR

o)
g (2)
cis-addition
R
7 R | n |PdX2 ______ de
-0 - -HPdX
H e O OR' ‘ o~ “OR'
2 cis-addition (E)

R 3a DSLIRREE DN Z2)-IRDO I TEH LD (Table 1, entryl), ZDZ EMNBIGEA =X
LaBEZTHRD & (BRI DR (2D BIX(E)ARD LR, £NE
N4.5 ORBEERTIHOND LEZ DD, FH T ZOEEOSRRFRELFIH LT,

ZDORIGD A T = X LOEBICEY AT, 7 TiRSh T RW©)-ED> Iy
=)L DOEIZIR Y AT, ZEEGE LT Vv a— /2B ITHWT, Lindlar i,
KEBFEET CTRISSED & ZEEATAA Y ARNOKBIRINENTZ(2)-> o F IV T =
— LR 86% THF L5 (Scheme 9)Y, Z D LNT(2)-> > F LT a—/L(1a)k

(BE)-v > FInTva—(la)ye O TRICEIT 512, Z DOfE R % Scheme 10 (27777, (E)-1a
ERWESE. (40P UT T h T Fr7 T2 3a DMK 2% LN, —J7.
(Z)-1a H D%, (E)-3a BWH—DAERY L LTIE 17% TH LN, (2)-3a &(E)-3a DZNT

DR O STAEE X, 2D NOESY EBRIC L ikE L7 2, 370 b, NOESY HIEIC

OH
Lindlar Catalyst (50 mol%) OH
=
toluene, 20 °C, H,, 2.5 h @
(0.175 mmol) (Z2)1a
86%

Scheme 9
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Pd(OAc), H

Cu(OAc),
catechol Ph™ ™S
Ph/\/\OH*' /\OEt
(Er1a s 02 3h(82%) O OFt
(2)-3a
Ph
Ph p
\/\ + 2 oRt H™™
OH 0,, 6 h (77%)
(2)-1a 2b O OEt
(E)-3a

Scheme 10. Conditions: (E)-1a or (Z)-1a (1 mmol), 2b (4 mmol),
Pd(OACc), (0.05 mmol), Cu(OAc), (0.05 mmol), catechol (4a) (0.1
mmol), MeCN (1 mL), O, (balloon), 25 °C.

-3

E fas 8
3.2—_E
3.4
3.6 v

— 38 Aﬁf
4.0
4.2
4.4: &
5H°, 5HP .6
' e & o Qv
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.

F1 (ppm)

Figure 3. 2D NOESY spectrum of compound (Z)-3a.
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6H

| i AW A
1 = 1 * -
3 - -
i° 2 ;; g :
E .....
o
3.23 !
3.02
E Fo
8.55
3.83 o -
I 5= <
a.2d , /
a ER
S5HY,5HP | oaf 2 | [,
—= .. - 73 — ]
2 E Q
4,83 }9%
7.8 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0
F1 [ppm)

Figure 4. 2D NOESY spectrum of compound (£)-3a.

R
Er1a+ | | 2P F’ R — pR (z )3a (6)
OR'
(0]
cis-addition cis-elimination
H
| X oPdX R
(Z)-1a + —_— (\ R — H — (E) -3a (7
OR' .
(0] OR
cis-addition cis-elimination

LoTe=17m h(6H)E C3 7u hro—o LMENEBNESh, C-5 7 u b &3
BAM AL BV o 7= (Figure 3), ZOREERND ., (B)-1a DAL I VAR 3a OLIEKE
BI-ETHDLZ LD, I —HD@)-1a DOARENTERY 3a D= /L7 1



Mo, C-57m hro—2 LHEANBHIS L, C3 ek EIER bR\ (Figure 4), =
DFERNS | SAEEIXE)-ARTHD Z Enbnd,

INHDRERNS, ZONIELLDEHEEMWHETH, AF TP 7 MMED
%, YAMHIMTRILL, RXTPTAE RY FUHBESEZ D700 a7 A—2 g V(K
D, VANBET 5 Z ETHEITTHZ LN o72( 6,7 DO EIE, 2T VT LD
B 53 DKL FE O AR FIEE LV RRIC L2 & S 2 5,

ST, ZORIROME S 27 AOBEER T TH D37 VU AT 5 07 a—
DHFIZONWTELRT L7l WOEREToTo, T78bb, NI U0 AR5
-7 3=V OE, NTTT LK T DI T a -V OEEE, T 3 — /L OFEER
EDRF AT o0z, 6T, NT VU LMK S 80- 0 T 2 — L DIRIZONTORER A
Table 2 |[Z7R" T, JEfEBIRT2DN entry | DRAENO AT a— L Z RS SIEOZE LWET
DB D (entry 2), RIZ, Z O 27 A BE RS & RN 15%F TIKF L=
(entry 3), ZHUE, /NT VT LDHOEEFER L FEROFEIR TH H(entry 4), ZDZ ENb,
BT A= UIRT VU MIERAET, Sk LTli< 2 8ot £in, AEEEZ R
NUEZ A, BB/ NT U0 AERSR/ S T 22—/ = 1 mol%/1 mol%/2 mol% D fili: i % ¢

W &5 2 LTS8, OO 24 BERT . U 86% CTdh - 7,

Table 2. Catalysis Inducing by Palladium(II)-Copper(II)-Catechol

Assembly?
Pd(OAc),  Cu(OAc), catechol GC yield of 3a”
entry (mol%) (mol%) (mol%) (%)
1 5 5 10 84
2 5 - 48
3 5 10 15
4 5 - 15

?1a (1 mmol), 2a (4 mmol), Pd(OAc),, Cu(OAc),, catechol (4a),
MeCN (1 mL), O, (1 atm). ® The yield of 3a was determined by
GC using tetraethylene glycol dimethyl ether as an internal
standard.
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BT RT D LSRCKT DT a— L DRE R DM E1T > 12, % DfEF% Scheme
1R Y, BT a—N& 12FBAWSGE. 17 a—1Z2H0RWEE OIR 48% 705
82-84% E TULRD[E) LN R L 2, & HISBREIIIZ 72 4 SHREOBFA TIEL, LR 19%
& 12 FBDOLGE LIZEREOREIR L oo, ZORRICH 2 ET LoRER, NT 20 204l
XL THT 3= 1 FETHCHRRISETT L2 L0 2O OfRBEEM
X, NI VTN T A= =11l TIERL TS EEX 60, B, LD
PaE 2 T, NIV L8l T a— b (4a) = 1:1:2 O 2 R st & L=, LIk,

Z DENMH ARG T OREYESAE LT 5,

Cu (OAc), (0.05 mmol)

= catechol (4a) Ph™ ™
[J + ZOEt -
O,, MeCN (1 mL), it, 3 h

OH O OEt
1a (1 mmol) 2a (4 mmol) OH 3a
OH Pd : Cu :catechol GC yield (%)
4a 1:1: - 48
11 1.0 82
1:1: 20 84 (82)
1:1 4.0 79
Scheme 11 Isolated yield.

INETHRRTERLLIC, BT a— I 23T V0 L2 i 6 72 DS 27 L
(ZxF U CIERIICA BBt b U<, 2o T a— W IEBRESEAN LTSE, il
BERIE E D K DITEALT D D EIRICHHA Lz, Table 3 128 L72 SRS T4 0 B sk
ERT DT a— AW T, 1a & 2a EOREEITo T2, TOREER, T a—
Jv DB BT TR SR LB B2 7200 8, entries 2-5 128 LT kG A FFo
T a—/L T, HTOWNRDOE TN, 3 NMOMEICKEEEZR >t e —/1LT

TR 46% & LUVMET 2N S/ (entry 5), — 57 BTG IR ERi > 7 2 — VT,

22



Table 3. Addition of Various Catechols to the Catalyst System?

Pd(I1), Cu(ll),

catechols 4 Ph™ ™
1a + 2a >
O, MeCN, t, 1h o “OEt
OH
=
catechols 4 = | 3a
Y
R OH

entry  catechols 4, (R) GC yield of 3a(%)°

1 4a, (H) 82
2 4b, (3-OMe) 86
3 4c, (4-Me) 77
4 4d, (3-Me) 67
5 4e, (3-OH) 46
6 4f, (4-Cl) 86
7 4g, (4-COH) 86
8 4h, (4-NO,) 84
9 4i, (3-F) 84
10 4j, (4-COOEY) 77

41a (1 mmol), 2a (4 mmol), Pd(OAc), (10 mol%),
Cu(OAc), (10 mol%), catechols 4 (10 mol%),
MeCN (1 mL), O, (1 atm). ® The yield of 3a was
determined by GC using tetracthylene glycol
dimethyl ether as an internal standard.

RO TIZR ST, SR TERMY 3a B35 5 17 (entries 5-9), ZIUDH DFERND | 32
W T LT TTHRY M NE S I T 2 — b (da) T AV E B & AR AT MWD 2k
NTE D,

EBIZ, BT a— VRN ZOfE 2T A TEDHIIERT 2D W TR Lz, —
WAZ 2 /X F 20 Ml 2 OB LIS TR, o X % 2 URER bRl E L T< 2 &
RIS TN D P, 2 i3 T 20 AOMMBHERIL, B & 5 2 @it & BRRFAE T
TERLAITH D p- XV F ) URL Ry 7 2BTEHL 2 Lick g snTng ™, 22
T, ET, EESRIMMET, AT a—AORDVICE RaF )/ (10 mol%) ik p_v Y %/
(10 mol%) & W TR EAT o 70, EDRER. R 3a BZNEI 7%, 17%DILERT L

NESNR ST ZOREEIT. A 2T ATIZ, T a—nL Ry 7 2B CIEH
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it ?
o %
ACO\ B ,,'H\ //,/L ACO\ § ///,’H\ //,/L
H wCuU—__ /,Pd\ wCu /,Pd\
o ¢ OAc OAc 36\ :  OAc OAc
@ SN
L'= MeCN
9 10

LTWRWNWESZ 5D,

W, AT A=, BBEAE T TESGICY ) ARCET 22 ERM6TND Z
END T TFTROLIRETANEEZ, BT A= ARRT VT LN L THT a—
JAR 9 UL, F/ AR 10 D EH B TEALL TWD DI OW TR EITo 72, o-F / UK
X, RTINS T Wz, BEIFET D 3,5-U-tert-7 FNAT a— VR RZEDF
J R EWTRIEE T o7z, ZORER, 7T 23— /R TIIIE 69%, ¥/ R TIHIER
66% & NEIE R CYLR TEMD 35 H 7= (Scheme 12), WWROZALB A LNRNT LD,

BT A= )URKNZRP TR ) AR > TRIGDEITTL TWA DO TRV EE X T-, BT

Pd(OAc), (5 mol%)
Cu(OAc), (5 mol%)

Ligand (10 mol%) Ph X
Ph" X" 0H + Z OEt

Oy, MeCN (1 mL), rt, 3 h OEt
(1 mmol) (4 mmol) 2 ( ) ©
Ligand yield (%) ?
OH
69
OH
0]
66
@]
Scheme 12 %) Isolated yield.
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o i
————— noreaction
(@]

1) substrate (0.3 mmol), Pd(OAc), (0.5 mol%),
Cu(OAc), (0.5 mol%), O,, MeCN (1 mL), rt,
0.5h.

Scheme 13

= NANZD R RFOEFRMETED L ITIRDEE D N ERAT D720, Scheme 13 T3 L
TeFBREAT T2 20y TORER, BT a— KL, T VT L5 TIREBEFE T TR S
2% ) URICERT DNy oTe, —H, ¥ URITELL2NWZ gz, b
DFERING . R 2T A THT a—nF, U Ry 7 ZBTH O TIER, ZHTH
JURERVEORNL L LTEIE, XTI U U AR R FEEZZE(LSE, EEH %M
HIZEDTWDL EF 2D,

ZORRIZ, BT 3= DS FIRBBRE A TEE LS D Z SIZER L, BB 70 A
(CHEBRSR- 71 7 21— L DEFN A ALTRA A TERTRUBE S 2 7 L&A BTz, ZO8d-07 =
—IVOMAG DY E/NT DT AT AA A TZENE, N7 YT MEFIZEBNTHIH TT
%,

WIZ, BHZXINDO —HEOMLD Ay — VT v T hilkii-, v L7 a—)(1a)
EZFINNITT F B =)L —7 /1 (2a or 2b) & D Jis(Table 1, entries land 2)% 5 {512 A5
=T T LIl A, SIED A — VTR 3a or 3b DR 74-78% D EILHE T H AL
72, TUAT N a—(le)& TF L IL T F LB =/L=—T 1(2a or 2b) & D i % [FlkE
WZS5SBEICAT—NT v 7 LTI A, TIREKLUTKINTFIEEBIT L2 o, ZOTHR

WK LTEBR O Z LT O X 91247 o7z, BHESRMETO 1e & 2b & DG B, AR
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) 3g DAL 70% THF HAL5H (Table 4, entry 1), ZOFRMFEERKIZL T, le b= F =L >
—7 V(2a) XX 7T TFNE= LT —TLQ2b)E DRISEHEMIZ 5 FATr—ALT v Lz E
Z A, T D EMMIIIE 1S HAL7eV (Table 4, entries 2 and 3), Z D Z &G, BE=/L T
—TIVOBEBRIEOFEI L > TRIGHEN, BAe2biTidn Ry o7k, 27—
Ty T HERRE . ROSKRI(3-48 h), AMEEFEEERE](0.5-24 h), BUSIREL(20-50 C)e &, i
ZROEMEBL ST, EOFRMFIZB N THAERDOIEIL 8% T &Ko7, Zh
LDOIETIE, NIV TLT Ty 70 7= SNBUCHIH S, ZnbDnZ &
Mo, ZORONEISRME OB I N T, B OIROBDIZER > TWD EE X T2, IR
I INETOZ EZEE R T HEE AT U U LOHEE 1e ITHT 2HREZF LI LT,

IRT 7 KO A 0.05 mmol & 0.25 mmol ICB L S EREITo -, FOREE. Hifg

Table 4. Palladium-Catalyzed Reaction of Allyl Alcohol (1¢) and Butyl Vinyl
ether (2b) Using a Catalyst Consisting of Pd(OAc),, Cu(OAc),, and Catechol.?

Pd(OAc),
Cu(OAc),

catechol (4a
_OH & g, SRl

1c 2b 0" O"Bu
39
Entry 1c Pd(OAc), 2b Time 3g/yield
(mmol)  (mmol) (mol%) (mmol)  (h)° (%)°

1 1 0.05 5 4 3 70

2 5 0.25 5 20 3

3d 5 0.25 5 20 3

4 5 0.25 5 20 24 6

5 5 0.05 1 20 24 70

6 25 0.25 1 100 24 6

7 10 0.05 0.5 40 24 53

8 50 0.25 0.5 200 48 5

2 The catalyst of Pd(OAc), (0.1 M), Cu(OAc),, and catechol in a ratio of
1/1/2 in MeCN was stirred for 0.5 h at rt before addition of substrates. The
concentration of 1¢ was 1 M. ® Reaction time after addition of substrates.

¢ The yield of 3g was determined by NMR using methyl benzoate as an
internal standard. ¢ The reaction was performed by using ethyl vinyl ether
(2a) instead of 2b.
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Figure 5. Effect of the amount of Pd(OAc), on the yield of product 3g in the reaction of allyl
alcohol (1c¢) (1 M) and vinyl ether 2b (0.25 M) using a catalyst of Pd(OAc), (5 mol%, 0.05 M),
Cu(OAc), (5 mol%) and catechol (4a) (10 mol%) in MeCN at rt for 3 h.

T DT DOFFEINT Z O E(0.25 mmol) & W23 AT AR DU RN D L 7= (Table 4,
entries 6 and 8), Z DOBLHIZ (T, MO ISFIEDOF T ITEL ST, BB/ N7 U LD
Moxt DB A AL S TEREITo 72, £ OFER%E Figure 5127, BEE/ T U0 A Di
KA 0.075 mmol KV &2 AV S & & BIFIZAERM ONEROBAY PR 65, Z
DT ENL, FHONRT VT LOHMKITEN, 2 —EDREZBZ 2 & AEER R Kb
HEE 2D, £l WHE 11T, Yo F I AT a—da)llR, 2 8T VT A~DE
WENZRE I R o TV D T2, RT VT LGHOEHNNNG 72 DA Z g L, 0ffi T
LEALSHLLBEZOND, ZDID, B/ 7 VU LD ENLZVRIGRTIE, &
HFTOOMi/NT VU LORENELZ, NTUULT T v 7 PR S VTR ER MK T L
TmEEZXD, INHDZENL, TIATAa— b 1e Z W ==—T7 L L ORIG

TIE RISEAT—NAT v 73T ETERMETT LW BRBLELTEE R D,

1. 3. /MNE
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RECEHL, B/ ST V7 A-FERE-1 7 32— )L in 6 7 D HTRBR L RS S 2 7 2
ERHEL, 2O AT L22HNC, TUALTAa—LEH 1 =L —T)L 2 InD
D2-TNAXTT T P77 T UFEK 3 OGS AaMRIEZRIE LIz, £/, 2TORIST
BONDERY 3 OT NV AENLOSLARRLEIZE B L ST AR IR A i 2 R L
TIZDRISED A=A LEFH LTz, S BIT, NT VT L=l xt4 2507 a3 —L %)
REZDOEETONWTHE LTz, RIZ, ZOFHBRCEOCAEED ARFAIZER Y $A T, A4
T D227 axe T R T Ru 7T UiFEAR 3 O EOREIZ OV T HITo7z,

NS DFEFNZHOWTIEE 2 mE TR 5,

1. 4. EBROE

1. 4. 1. General

NMR spectra were recorded on a Varian UNITY: INOVA 400 (IH NMR, 399.91 MHz; *C NMR,
100.56 MHz) instrument for solutions in CDCl; with Me,Si as an internal standard. Infrared spectra
were measured on a JASCO FTIR-610 spectrometer. Elemental analyses were performed on
Elementary VarioEL //I. GLC analyses were performed on a Shimadzu GC-17A instrument by
using DB-1 glass capillary column (0.53 mm x 30 m) with flame-ionization detector under the
conditions of injection temperature (200 °C), column temperature (60-250 °C), and nitrogen gas
pressure (0.5 kg/cm?®). Mass spectrum was obtained on a Shimadzu GCMS-QP5050 gas
chromatograph-mass spectrometer at 0.7 eV by using DB-1 glass capillary column (0.25 mm x 30
m) under the conditions of injection temperature (200 °C), column temperature (60-250 °C), and
helium gas pressures (0.5 kg/cm?). All melting points were measured on Yanaco micro melting

point apparatus and were uncorrected. Analytical thin layer chromatography (TLC) was performed
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with Merck silica gel 60 Fys4 plates. Column chromatography was performed with Merck silica gel
60. HPLC analyses were performed on System Gold system with a BECKMAN 168-type detector
and BECKMAN 126-type solvent module by using 250 mm X 4.6 mm analytical column packed
with CHIRALCEL OB-H and 250 mm X 10 mm semi-preparative column packed with

CHIRALCEL OJ-H. Optical rotation was measured on a JASCO DIP-1000 polarimater.

1. 4. 2. Materials

(E)-3-Phenyl-2-propen-1-ol (cinnamyl alcohol) and copper(Il) acetate were commercially
available from Wako Pure Chemical Industries, Ltd. Palladium(Il) acetate, palladium(II) chloride,
and catechol were commercially available from Nakarai Tesque, Inc. (E)-3-(4-Nitrophenyl)-
2-propen-1-ol (4-nitrocinnamyl alcohol), and palladium(II) trifluoro acetate were obtained from

Aldrich.

1. 4. 3. Chemistry

Synthesis of (Z)-4-Benzylidene-2-ethoxytetrahydrofuran (3a). Pd(OAc),(11.2 mg, 0.05 mmol),
Cu(OAc),; (9.1 mg, 0.05 mmol), and catechol (4a) (11.0 mg, 0.1 mmol) were dissolved in MeCN
(0.5 mL) in a 25 mL side-armed round bottomed flask under O, (balloon), and the mixture was
stirred for 30 min at room temperature. Ethyl vinyl ether (288 mg, 4.0 mmol) was added to the flask,
and a solution of (£)-3-phenyl-2-propen-1-ol (134 mg, 1.0 mmol) in MeCN (0.5 mL) was then
added. After the reaction mixture was stirred for 3 h at room temperature, GC yield of 3a was
determined to be 84% by using tetraethylene glycol dimethyl ether as an internal standard. Isolation

of pure 3a was made as follows. The same reaction as above was separately performed, and the
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reaction mixture was stirred for 3h. After filtration through Florisil column (10 mm x 80 mm 3 g,
EtOAc/n-hexane = 1/20), the solvent was evaporated under reduced pressure. The product 3a nearly
pure was obtained in 82% yield (168 mg, 0.82 mmol), and further purification was made by
thin-layer chromatography on silica gel (R,= 0.62, EtOAc/n-hexane = 1/20) as a colorless oil. 3a :
bp (bulb-to-bulb): 105-108 °C (15 mmHg); FTIR (neat, cm™): 3053, 3025, 1739, 1598, 1184, 1095,
1032, 997 ; '"H NMR (400 MHz, CDCl;): § 1.21 (t, J= 7.1 Hz, 3H), 2.72 (d, J = 16.2 Hz, 1H), 2.94
(dd, J=16.2, 5.1 Hz, 1H), 3.50 (dq, /=9.3, 7.1 Hz, 1H), 3.77 (dq, /= 9.3, 7.1 Hz, 1H), 4.68 (d, J =
2.1 Hz, 1H), 4.69 (d, J = 2.1 Hz, 1H), 5.23 (d, J = 5.1 Hz, 1H), 6.42 (s, 1H), 7.12 (d, J = 7.2 Hz,
2H), 7.19 (t, J = 7.2 Hz, 1H), 7.33 (t, J = 7.2 Hz, 2H); >C NMR (101 MHz, CDCl;): & 15.14, 41.12,
62.57, 67.85, 101.93, 121.55, 126.40, 127.78, 128.39, 137.34, 138.98 ; GCMS: m/e 204 (M"); Anal.

Calcd for C5H;40,: C, 76.42; H, 7.89; Found: C, 76.32; H, 7.49.

Synthesis of (£)-4-Benzylidene-2-n-buthoxytetrahydrofuran (3b). This compound was prepared
from (Z)-3-phenyl-2-propen-1-ol (134 mg, 1.0 mmol) and n-butyl vinyl ether (401 mg, 4.0 mmol)
using a procedure similar to that employed for the preparation of 3a. Consequently, the compound
3b is obtained 74% yield (173 mg, 0.74 mmol) in nearly pure form. Further purification was made
by thin-layer chromatography on silica gel (R, = 0.67, EtOAc/n-hexane = 1/9) as a colorless oil.
3b : (bulb-to-bulb): 115-117 °C (15 mmHg); FTIR (neat, crn'l): 3026, 2930, 2870, 1599, 1492, 1449,
1423, 1345, 1180, 1097, 1038, 925, 840, 749, 695 ; '"H NMR (400 MHz, CDCl;): § 0.91 (t,J=7.5
Hz, 3H), 1.36 (tq, J = 8.4, 7.5 Hz, 2H), 1.56 (tt, J = 8.4, 6.6 Hz, 2H), 2.71 (d, J = 16.4, 1H), 2.93
(dd, J=16.4, 5.1 Hz, 1H), 3.44 (dt, J=9.5, 6.6 Hz, 1H), 3.71 (dt, J= 9.5, 6.6 Hz, 1H), 4.68 (d, J =
2.3 Hz, 1H), 4.69 (d, J = 2.3 Hz, 1H), 5.21 (d, J = 5.1 Hz, 1H), 6.42 (s, 1H), 7.13 (d, J = 7.3 Hz,
2H), 7.20 (t, J= 7.3 Hz, 1H), 7.34 (t, J = 7.3 Hz, 2 H); C NMR (101 MHz, CDCl;): & 13.86, 19.34,

31.70, 41.09, 67.04, 67.87, 102.15, 121.51, 126.42, 127.81, 128.44, 137.40, 139.12 ; GCMS: m/e
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232 (M"); Anal. Calcd for C;5H,00;: C, 77.55; H, 8.68. Found: C, 77.53; H, 8.62.

Synthesis of 2-Ethoxy-(Z)-4-(4-nitrobenzylidene)tetrahydrofuran (3c). This compound was
prepared from (Z)-3-(4-nitrophenyl)-2-propen-1-ol (179 mg, 1.0 mmol) and ethyl vinyl ether (288
mg, 4.0 mmol) using a procedure similar to that employed for the preparation of 3a. Consequently,
the compound 3¢ is obtained 96% yield (241 mg, 0.96 mmol) as a brown solid, after 6 h.
Purification was made by recrystallization from hexane and EtOAc (5:1). 3¢ : mp: 75-76 °C; FTIR
(nujol, cm™): 2927, 1652, 1592, 1513, 1099, 1049, 996 ; 'H NMR (400 MHz, CDCl;): § 1.21 (t,J =
7.1 Hz, 3H), 2.80 (d, J = 16.9 Hz, 1H), 2.98 (dd, J = 16.9, 4.9 Hz, 1H), 3.52 (dq, J = 8.5, 7.1 Hz,
1H), 3.78 (dq, J = 8.5, 7.1 Hz, 1H), 4.71 (d, J= 2.4 Hz, 1H), 4.72 (d, /= 2.4 Hz, 1H), 5.27 (d, J =
4.9 Hz, 1H), 6.51 (s, 1H), 7.20 (d, J = 8.9 Hz, 2H), 8.20 (d, J = 8.9 Hz, 2H); *C NMR (101 MHz,
CDCly): & 15.13, 41.64, 62.81, 67.81, 101.87, 120.01, 123.88, 128.24, 143.67, 144.96, 145.93 ;
GCMS: m/e 249 (M"); Anal. Calcd for C;3H;sNOy: C, 62.64; H, 6.07; N, 5.62. Found: C, 62.64; H,

6.07; N, 5.50.

Synthesis of 2-Butoxy-(Z)-4-(4-nitrobenzylidene)tetrahydrofuran (3d). This compound was
prepared from (Z)-3-(4-nitrophenyl)-2-propen-1-ol (179 mg, 1.0 mmol) and n-butyl vinyl ether (401
mg, 4.0 mmol) using a procedure similar to that employed for the preparation of 3a. Consequently,
the compound 3d is obtained 74% yield (173 mg, 0.74 mmol) after 3 h in nearly pure form as a
brown solid. Further purification was made by thin-layer chromatography on silica gel. 3d : 'H
NMR (400 MHz, CDCl;): 6 0.91 (t, J = 7.4 Hz, 3H), 1.36 (qt, / = 7.4, 7.4 Hz, 2H), 1.52-1.60 (m,
2H), 2.77 (dm, J = 16.8 Hz, 1H), 2.97 (ddddd, J = 10.7, 5.1, 2.5, 2.5, 2.5 Hz, 1H), 3.45 (dt, J=9.7,
6.7 Hz, 1H), 3.72 (dq, J=9.7, 6.7 Hz, 1H), 4.70 (m, 1H), 5.25 (d, /= 5.1 Hz, 1H), 6.50 (qu, J=2.5

Hz, 1H), 7.25 (dm, J = 8.9 Hz, 2H), 8.20 (dm, J = 8.9 Hz, 2H).
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Synthesis of (Z)-4-Benzyliden-2-tetrahydropyranyloxytetrahydrofuran (3e). Pd(OAc), (22.5
mg, 0.1 mmol), Cu(OAc), (18.2 mg, 0.1 mmol), and catechol (4a) (22.0 mg, 0.2 mmol) were
dissolved in MeCN (0.5 mL) in a 25 mL side-armed round bottomed flask under O, (balloon), and
the mixture was stirred for 30 min at room temperature. 2-Vinyloxytetrahydropyran (513 mg, 4.0
mmol) was added to the flask, and a solution of (Z)-3-phenyl-2-propen-1-ol (134 mg, 1.0 mmol) in
MeCN (0.5 mL) was then added. After the reaction mixture was stirred for 6 h at room temperature,
the mixture was filtered through Florisil column (10 mm x 80 mm 3 g, EtOAc/n-hexane = 1/20),
and the solvent was evaporated under reduced pressure to give a mixture of (R*,R*)- and
(R*,5%)-3e. Isolation of each isomer by thin-layer chromatography gave (R*,R*)-3e (164 mg, 0.63
mmol, Ry = 0.5, EtOAc/n-hexane = 1/4) and (R*,5*)-3¢ (24 mg, 0.09 mmol, R, = 0.4,
EtOAc/n-hexane = 1/4) as a colorless oil. The product yield of 3e thus corresponds to 72%
(R*R*/R*S* = 87/13). The configuration of R*,R* and R*,§* was assigned on the bases of X-ray
analysis of the corresponding (R*,R*)-3f (see page 45). R*R*-3e : bp (bulb-to-bulb): 176-178 °C (4
mmHg); FTIR (neat, cm™): 3036, 2942, 2858, 1718, 1713, 1492, 1449, 1350, 1272, 1201, 1118,
1074 ; '"H NMR (400 MHz, CDCl;): & 1.47-1.61 (m, 4H), 1.66-1.74 (m, 1H), 1.76-1.86 (m, 1H),
2.77 (d, J=16.6, 1H), 2.98 (dd, J = 16.6, 4.96 Hz, 1H), 3.51-3.57 (m, 1H), 3.85-3.92 (m, 1H), 4.68
(d, J=14.4 Hz, 1H), 4.70 (d, J = 14.4 Hz, 1H), 4.95 (s,1H), 5.27 (d, J = 5.6 Hz, 1H), 6.44 (s, 1H),
7.13 (d, J = 7.8 Hz, 2H), 7.20 (t, J = 7.8 Hz, 1H), 7.33 (t, J = 7.8 Hz, 2H); °C NMR (101 MHz,
CDCl): 6 19.90, 25.36, 30.66, 40.76, 63.25, 68.07, 94.78, 97.86, 121.62, 126.45, 127.77, 128.44,
137.34, 138.88 ; GCMS: m/e 260 (M"); R*S*-3e : bp (bulb-to-bulb): 132-135 °C (1 mmHg); 'H
NMR (400MHz, CDCl;): 8 1.46-1.66 (m, 4H), 1.67-1.76 (m, 1H), 1.76-1.85 (m, 1H), 2.77 (d, J =
16.3, 1H), 2.97 (dd, J = 16.3, 4.56 Hz, 1H), 3.52-3.59 (m, 1H), 3.94-4.01 (m, 1H), 4.71 (d, J = 14.2
Hz, 1H), 4.83 (d, /= 14.2 Hz, 1H), 4.85 (s, IH ), 5.45 (d, /= 5.4 Hz, 1H), 6.42 (s, 1H), 7.13 (d, J =

7.7 Hz, 2H), 7.20 (t, J= 7.7 Hz, 1H), 7.33 (t, J = 7.7 Hz, 2H).
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Synthesis of (£)-4-(4-Nitrobenzyliden)-2-tetrahydropyranyloxytetrahydrofuran (3f). Pd(OAc),
(11.2 mg, 0.05 mmol), Cu(OAc), (9.1 mg, 0.05 mmol), and catechol (4a) (11.0 mg, 0.1 mmol) were
dissolved in MeCN (1.0 mL) in a 25 mL side-armed round bottomed flask under O, (balloon), and
the mixture was stirred for 30 min at room temperature. 2-Vinyloxytetrahydropyran (513 mg, 4.0
mmol) was added to the flask, and (Z)-3-(4-nitrophenyl)-2-propen-1-ol (179 mg, 1.0 mmol) was
then added. After the reaction mixture was stirred for the 24 h at room temperature, the mixture was
filtered through Florisil column (10 mm % 60 mm 2.5 g, EtOAc/n-hexane = 1/20), and the solvent
was evaporated under reduced pressure to give a mixture of (R*,R*)- and (R*,S*)-3f. Isolation of
each isomer by thin-layer chromatography (R,= 0.35 (R*,R*), R,= 0.24 (R*,5*), EtOAc/n-hexane =
1/4) gave (R*,R*)-3f (205 mg, 0.67 mmol) in solid state and (R*,5*)-3f (35 mg, 0.11 mmol) as
liquid. The product yield of 3f thus corresponds to 78% (R*,R*/R*,§* = 86/14). Purification was
made by recrystallization from hexane and diethyl ether (3:1). The configuration of R*,R* and
R*,5* was assigned on the basis of X-ray analysis of R* ,R*-3f (see page 45). (R*,R*)-3f : mp:
92-93 °C; FTIR (KBr, cm™): 3078, 2955, 2929, 1657, 1593, 1340, 1119, 989, 973, 924, 749, 688 ;
'H NMR (400 MHz, CDCLy): § 1.47-1.63 (m, 4H), 1.68-1.77 (m, 1H), 1.79-1.87 (m, 1H), 2.83 (d, J
=16.8, 1H), 3.03 (dd, J = 16.8, 4.9 Hz, 1H), 3.52-3.59 (m, 1H), 3.86-3.92 (m, 1H), 4.59 (d, J=12.8
Hz, 1H), 4.63 (d, J = 12.8 Hz, 1H), 4.95 (s, 1H), 5.65 (d, /= 4.9 Hz, 1H), 6.53 (s, 1H), 7.26 (d, J =
8.76 Hz, 2H), 8.21 (d, J = 8.76 Hz, 2H); "C NMR (101 MHz, CDCl;): & 19.83, 25.31, 30.59, 41.23,
63.26, 68.00, 94.82, 97.74, 120.07, 123.87, 128.21, 143.62 144.83, 145.88 ; GCMS: m/e 305 (M");
Anal. Caled for C;¢HoNOs: C, 62.94; H, 6.27; N, 4.59. Found: C, 62.87; H, 6.57; N, 4.49 ;
(R*,S*)-3f : '"H NMR (400 MHz, CDCl;): & 1.48-1.64 (m, 4H), 1.67-1.78 (m, 1H), 1.78-1.86 (m,
1H), 2.83 (d, J=16.6 Hz 1H, ), 3.03 (dd, J = 16.6, 4.5 Hz, 1H), 3.52-3.63 (m, 1H), 3.95-4.06 (m,
1H), 4.75 (d, J = 14.3 Hz, 1H), 4.88 (d, J = 14.3 Hz, 1H), 4.91(s, 1H ), 5.50 (d, J = 4.5 Hz, 1H),

6.53 (s, 1H), 7.45 (d, J = 8.9 Hz, 2H), 8.20 (d, J = 8.9 Hz, 2H).
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Synthesis of 2-Butoxy-4-methylenetetrahydrofuran (3g). Pd(OAc), (11.2 mg, 0.05 mmol),
Cu(OAc), (9.1 mg, 0.05 mmol), and catechol (4a) (11.0 mg, 0.1 mmol) were dissolved in MeCN
(0.5 mL) in a 25 mL side-armed round bottomed flask under O, (balloon), and the mixture was
stirred for 30 min at room temperature. n-Butyl vinyl ether (401 mg, 4.0 mmol) was added to the
flask, and a solution of allyl alcohol (58 mg, 1.0 mmol) in MeCN (0.5 mL) was then added. After
the reaction mixture was stirred for 3 h at room temperature, GC yield of 3g was determined to be
74% by using tetracthylene glycol dimethyl ether as an internal standard. The reaction mixture was
filtered through Florisil column (17 mm x 80 mm, 6 g, n-hexane), and the solvent was evaporated
under reduced pressure to give 3g (115 mg, 0.73 mmol, 73% yield) in nearly pure form as a
colorless oil. 3g : bp (bulb-to-bulb): 54-55 °C (4 mmHg); FTIR (neat, cm™): 3081, 2960, 2871,
1714, 1671, 921, 883, 735 ; '"H NMR (400 MHz, CDCls): § 0.83 (t, J = 7.5 Hz, 3H), 1.29 (tq, J =
8.4,7.5 Hz, 2H), 1.47 (tt, J= 8.4, 6.6 Hz, 2H), 2.43 (d, /= 16.3 Hz, 1H), 2.61 (dd, J=16.3, 5.2 Hz,
1H), 3.33 (dt,J=9.3, 7.5 Hz, 1H), 3.61 (dt, /= 9.3, 7.5 Hz, 1H), 4.26 (d, /= 12.4 Hz, 1H), 4.31 (d,
J=12.4 Hz, 1H), 4.98 (s, 1H), 5.03 (s, 1H), 5.11 (d, J= 5.2 Hz, 1H); °C NMR (101 MHz, CDCl;):

§13.65, 19.18, 31.55, 39.16, 66.75, 68.90, 103.50, 104.55, 145.64 ; GCMS: m/e 156 (M").

Synthesis of 2-Butoxy-4-vinyltetrahydrofuran (3h). Pd(OAc),(11.2 mg, 0.05 mmol), Cu(OAc),
(9.1 mg, 0.05 mmol), and catechol (4a) (11.0 mg, 0.1 mmol) were dissolved in MeCN (0.5 mL) in a
25 mL side-armed round bottomed flask under O, (balloon), and the mixture was stirred for 30 min
at room temperature. #-Butyl vinyl ether (401 mg, 4.0 mmol) was added to the flask, and a solution
of 2-buten-1-ol (trans/cis = 5/1, 72 mg, 1.0 mmol) in MeCN (0.5 mL) was then added. After the
reaction mixture was stirred for 3 h at room temperature, GC yield of 3h was determined to be 74%
by using anisole as an internal standard. The reaction mixture was filtered through Florisil column

(11 mm x 80 mm, 2.8 g, EtOAc), and the solvent was evaporated under reduced pressure to give a
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71:29 mixture of trans- and cis-3h as a colorless oil. The ratio was determined by NMR.
Purification was made by bulb-to-bulb distillation. 3h : bp (bulb-to-bulb): 102-105 °C (4 mmHg);
FTIR (neat, cm™): 3081, 2960, 2880, 1643, 1347, 1098, 917, 665 ; '"H NMR (400 MHz, CDCl;): §
0.87 (t, J = 7.3 Hz, 0.9H, [trans]), 0.88 (t, J = 7.3 Hz, 2.1H, [cis]), 1.33 (sex, J = 7.3 Hz, 0.6H,
[trans]), 1.33 (sex, J= 7.3 Hz, 1.4H, [cis]), 1.61 (ddd, J = 13.4, 8.8, 2.9 Hz, 0.7H, [cis]), 1.70 (ddd,
J=144,8.5,5.2 Hz, 0.3H, [trans]), 2.02 (ddd, J = 14.4, 8.5 Hz, 0.3H, [trans]), 2.32 (ddd, J = 13 .4,
8.8, 5.9 Hz, 0.7H, [cis]), 2.75 (sex, J = 8.5 Hz, 0.7H, [cis]), 3.02 (sex, J = 8.3 Hz, 0.3H, [trans]),
3.28 (dt, J=9.6, 7.3 Hz, 0.3H, [trans]), 3.30 (dt, J = 9.5, 7.3 Hz, 0.7H, [cis]), 3.55 (dd, J= 8.8, 8.8
Hz, 0.7 H, [cis]), 3.55 (dd, J = 8.5, 8.5 Hz, 0.3H, [trans]), 3.65 (dt, J = 9.6, 7.3 Hz, 0.3H, [trans]),
3.66 (dt, J=9.5, 7.3 Hz, 0.7H, [cis]), 3.92 (m, 1H), 3.92 (dd, J = 8.8, 8.8 Hz, 0.7H, [cis]), 4.05 (dd,
J=28.5, 8.5 Hz, 0.3H, [trans]), 4.93 (dd, J = 10.0, 1.8 Hz, 0.7H, [cis]), 4.95 (dd, J = 10.0, 1.6 Hz,
0.3H, [cis]), 5.01 (dd, J=17.0, 1.8 Hz, 0.7H, [cis]), 5.04 (dd, J=17.0, 1.6 Hz, 0.3H, [trans]), 5.07
(d, J=5.2 Hz, 0.3H, [trans]), 5.09 (dd, J=5.9, 2.9 Hz, 0.7H, [cis]), 5.65 (ddd, J = 17.0, 10.0, 8.5
Hz, 0.3H, [trans]), 5.81 (ddd, J = 17.0, 10.0, 8.8 Hz, 0.7H, [cis]); >*C NMR (101 MHz, CDCL): &
13.79, 19.28 [trans], 19.30 [cis], 31.73 [trans], 31.76 [cis], 39.21 [cis], 39.40 [trans], 41.42 [trans],
43.04 [cis], 66.95 [trans], 67.36 [cis], 70.82 [cis], 71.69 [trans], 103.98 [trans], 104.45 [cis], 115.12

[trans], 115.30 [cis], 138.82 [cis], 139.09 [trans]; GCMS: m/e 170 (M").

2D NOESY Experiment of cis- and #rans-3h. The 400 MHz proton NMR spectra were acquired in
5 mm tubes on approximately 2 wt% solutions in CDCl; on a Varian Unity Plus instrument using a
Varian PFD Indirect Probe. As shown below, the H-4 proton of cis isomer 3h showed a correlation
with cis proton of H-3. The proton H-3 also indicated a correlation with the adjacent H-2 proton. In
the case of trans-3h, the H-4 proton similarly showed a correlation with cis proton of H-3, but no

correlation was observed between this H-3 proton and the adjacent H-2 proton. These facts allowed

35



us to assign the cis/trans configuration of 3h successfully.

A

HH P H H

> JT.H ., wWH
R @HD

O~ TOBU” o~ "OoBuU”

cis-39g trans-3g

Experimental Procedure for the Preparation of (£)-1a and (E)-3a. A suspension of 3-phenyl-2-
propyne-1-ol (231 mg, 1.75 mmol) and 5 wt% palladium on calcium carbonate poisoned with lead
(Aldrich, 46.1 mg, 0.087 mmol) in toluene (5 mL) was stirred under hydrogen (balloon) at rt for 2 h,
and the reaction mixture was filtered through a pad of cotton with ether (50 mL). Evaporation of
solvent gave nearly pure (Z)-1a (202 mg, 86% by NMR) as an oil. (Z)-1a : '"HNMR (400 MHz,
CDCls): §4.45 (d,J=6 Hz, 2 H), 5.88 (dt,J= 6.4 Hz, 1 H), 6.58 (d, /=12 Hz, 1 H), 7.19-7.45 (m,
5 H).

A 25 mL side-armed round bottom flask was charged with Pd(OAc), (11.2 mg, 0.05 mmol),
Cu(OAc); (9.1 mg, 0.05 mmol), and catechol (4a) (11.0 mg, 0.10 mmol) to which was added
MeCN (0.5 mL) under O, (balloon). The resulting solution was stirred for 0.5 h at rt, and ethyl
vinyl ether (288 mg, 4.0 mmol) was added to the flask, and subsequently a solution of (Z)-1a (134
mg, 1.0 mmol) in MeCN (0.5 ml) was added. After stirring was continued for 3 h at rt, the reaction
mixture was filtered through Florisil column (3 g, 10 mm % 80 mm, EtOAc/n-hexane = 1/20), and
the solvent was evaporated under reduced pressure. The product (£)-3a, nearly pure by NMR, was
obtained in 77% yield (157 mg, 0.77 mmol) as a colorless oil. Further purification was made by
thin-layer chromatography on SiO,. (E)-3a : Ry = 0.45 (EtOAc/n-hexane = 1/20); 'HNMR (400
MHz, CDCl3): 6 = 1.20 (t, J = 7.2 Hz, 3 H), 2.84 (d, J = 16.8 Hz, 1 H), 2.91-2.98 (dm, 1 H), 3.50

(dq, J=7.2 Hz, 1 H), 3.78 (dq, J= 7.2 Hz, 1 H), 4.54 (d, J= 12.8 Hz, 1 H), 4.63 (d,J=12.8 Hz, 1
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H), 5.36 (d, J=5.2 Hz, 1 H), 6.38 (s, 1 H), 7.18-7.36 (m, 5 H).

X-Ray Structure Analysis of 3¢ and R*,R*-3f. X-ray analysis were performed on Rigaku AFC7R
diffractometer with graphite monochromated Mo-Ka radiation (A = 0.71069 A) and 18 kW rotating
anode generator. Cell constants and orientation matrixes for data collection were obtained from
least-square refinements using the setting angles of 20 carefully centered reflections corresponding
to each cell system and dimensions. All calculations were performed using the teXsan
crystallographic software package of Molecular Structure Corporation. The structures were solved
by direct method (SIR88 or SIR92) and expanded using Fourier techniques. Neutral atom scattering
factors were taken from Cromer and Waber. The values for the mass attenuation coefficients are
those of Creagh and Hubbel. Non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were included in the calculation with isotropic temperature parameter on calculated positions riding
on their carrier atoms.

Preparation of 3¢ was described previously on page 31. Single crystrals of 3¢ was obtained by
recrystallization from hexane and EtOAc (5:1).

Preparation of (R*,R*-3f) was described previously on page 33. Single crystrals of R*R*-3f was

obtained by recrystallization from hexane and diethyl ether (3:1).
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Table S. Crystallographic Data of 3¢

Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type

No. of Reflections Used for Unit
Cell Determination (2 6 range)

Omega Scan Peak Width
at Half-height

Lattice Parameters

Space Group
Zvalu

Deaie

F(000)

# MoK a)

Ci3H sNOy

249.27

yellow, plate
0.30%0.26 X 0.17 mm*
triclinic

Primitive
25(25.9-28.6° )

0.33°
a=11.014(1) A
bh=13.147(2) A
c=4.8355(6) A
@ =9535(1)°
£ =97.18(1)°
7 113.337(8)°
V'=630.0(1) A3
P-1(#2)

2

1.314 g/cm?
264.00

0.98 cm’!
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Table 6. Crystallographic Data of 3¢

Diffractometer

Radiation

Attenuator
Temperature
Voltage, Current

Collimator Size
Take-off Angle

Detector Aperture

Crystal to Detector Distance
Scan Type
Scan Rate

Scan Width
20

No. of Reflections Measured

max

Corrections

Corrections

Rigaku AFC7R (rotating anode)
MoK a (A =0.71069A)
graphite monochromated

Zr foil (factor = 7.40)

23.0°C

50 kV, 250 mA

0.5 mm

6.0°

3.0 mm horizontal

4.0 mm vertical

235 mm

w-26

4.0° /min (in w) (up to 5 scans)
(1.84+0.30tan 6 )°

55.0°

Total: 3042

Unique: 2891 (R;,; = 0.007)
Lorentz-polarization
Absorption

(trans. factors: 0.9064 - 0.9982)
Secondary Extinction
(coefficient: 3.71810e-07)

Table 7. Structure Solution and Refinement Crystallographic Data of 3¢

Structure Solution
Refinement

Function Minimized
Least Squares Weights

p-factor

Anomalous Dispersion

No. of Reflections (All, 20 < 55.00° )

No. Variables

Reflection/Parameter Ratio

39

Direct Methods (SIR88)
Full-matrix least-squares
>w (Fo? - F?)?

1/ 0?(Fo?)

0.0700
All non-hydrogen atoms

2891
164
17.63



Table 7. Structure Solution and Refinement Crystallographic Data of 3¢ (Continued)

Residuals: R; R, 0.073; 0.206
Residuals: R, 0.061

No. of Reflections to calc R; 1512
Goodness of Fit Indicator 1.50

Max Shift/Error in Final Cycle 0.001
Maximum peak in Final Diff. Map 0.64 /A3
Minimum peak in Final Diff. Map -0.29 ¢/ A3

Table 8. Atomic Coordinates and Bj,/Bq of 3¢

atom X y z Beq
0o(1) 0.6603(2) 0.5439(2) -0.1830(5) 8.16(7)
0(2) 0.8724(2) 0.5839(2) -0.1017(5) 7.74(7)
0(3) 0.9013(2) 0.0825(2) 0.8647(5) 7.83(6)
0(4) 0.7393(2) -0.0887(2)  0.6318(4) 6.18(5)
N(1) 0.7563(3) 0.5281(2) -0.0719(5) 5.91(6)
(1) 0.7317(2) 0.4413(2) 0.1062(5) 4.83(6)
C(2) 0.6022(3) 0.3813(3) 0.1516(7) 5.84(7)
C@3) 0.5805(2) 0.2991(3) 0.3152(6) 5.70(7)
C(4) 0.6840(2) 0.2727(2) 0.4406(5) 4.65(5)
0] 0.8135(2) 0.3362(2) 0.3886(6) 5.46(6)
C(6) 0.8367(2) 0.4185(2) 0.2244(6) 5.49(6)
C(7) 0.6513(2) 0.1841(2) 0.6099(6) 5.11(6)
C(8) 0.7265(3) 0.1347(2) 0.7265(5) 5.08(6)
C(9) 0.8703(3) 0.1586(2) 0.7116(6) 5.77(7)
C(10)  0.6787(3) 0.0404(2) 0.8933(6) 5.92(7)
C(11)  0.7816(3) -0.0072(3)  0.8871(7) 6.48(8)
C(12)  0.8257(3) -0.1437(3)  0.5962(7) 6.98(9)
C(13)  0.7585(4) -0.2438(3)  0.3776(8) 7.68(10)
H(1) 0.5289 0.3976 0.0677 7.0
H(2) 0.4911 0.2593 0.3524 6.9
H(3) 0.8874 0.3209 0.4729 6.5
H(4) 0.9260 0.4613 0.1941 6.6
H(5) 0.5605 0.1558 0.6464 6.0
H(6) 0.9291 0.2342 0.7916 7.0
H(7) 0.8823 0.1464 0.5193 7.0
H(8) 0.6720 0.0658 1.0809 7.0
H©) 0.5895 -0.0152 0.8049 7.0
H(10) 0.7934 -0.0408 1.0552 8.2
H(11) 0.9089 -0.0943 0.5485 8.5
H(12) 0.8500 -0.1668 0.7746 8.5
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Table 8. Atomic Coordinates and Bjs,/B4 of 3¢ (Continued)

atom X y z Beg
H(13) 0.6771 -0.2937 0.4295 9.3
H(14) 0.7360 -0.2211 0.2034 9.3
H(15) 0.8140 -0.2823 0.3526 9.3

Beq = 8/3 PIA(Uy y(aa*)*+Uyy(bb*)*+Uss(cc*)*+2U 5 (aa* bb*)cos &
+2U,5(aa*cc*)cos @+2U,5(bb*cc*)cos &)

Table 9. Anisotropic Displacement Parameters of 3¢

atom Uy Un Uss Un Uz Uas
o(1) 0.086(2) 0.108(2) 0.126(2) 0.051(1) 0.005(1) 0.024(2)
0(2) 0.075(1) 0.081(1) 0.140(2) 0.030(1) 0.030(1) 0.025(1)
0Q3) 0.071(1) 0.095(2) 0.111(2) 0.021(1) -0.017(1) 0.021(1)
04) 0.071(1) 0.078(1) 0.078(1) 0.0309(10) -0.0039(9) -0.0054(10)
N(1) 0.069(2) 0.068(1) 0.088(2) 0.035(1) 0.007(1) -0.006(1)
C(1) 0.052(1) 0.057(1) 0.070(2) 0.023(1) 0.006(1) -0.008(1)
C(2) 0.048(1) 0.079(2) 0.097(2) 0.032(1) 0.008(1) 0.001(2)
C(3) 0.042(1) 0.078(2) 0.092(2) 0.023(1) 0.014(1) -0.002(2)
C4) 0.043(1) 0.064(2) 0.062(1) 0.019(1) 0.0072(10) -0.011(1)
C(5) 0.042(1) 0.073(2) 0.087(2) 0.021(1) 0.007(1) 0.007(2)
C(6) 0.042(1) 0.069(2) 0.090(2) 0.018(1) 0.009(1) 0.001(2)
C(7) 0.047(1) 0.065(2) 0.071(2) 0.014(1) 0.018(1) -0.011(1)
C(8) 0.055(1) 0.072(2) 0.054(1) 0.019(1) 0.007(1) -0.011(1)
C(9) 0.052(1) 0.075(2) 0.081(2) 0.020(1) -0.003(1) 0.005(1)
C(10) 0.084(2) 0.071(2) 0.062(2) 0.022(1) 0.024(1) -0.001(1)
C(11) 0.074(2) 0.072(2) 0.085(2) 0.019(2) -0.004(1) 0.012(2)
C(12) 0.065(2) 0.108(3) 0.096(2) 0.041(2) 0.013(2) 0.006(2)
C(13) 0.096(2) 0.082(2) 0.122(3) 0.039(2) 0.041(2) 0.010(2)
The general temperature factor expression:
exp(-2PP(a*> Uy R +b*2 Uy k> +c* 2 Usy PH2a*b* Uy hk+2a* ¢ Uy shiH2b* c* Uy kl))

Table 10. Bond Lengths (A) of 3¢

atom atom distance atom atom distance

o(1) N(1) 1.226(3) 0(2) N(1) 1.232(3)

0Q3) C(9) 1.418(4) 0Q(3) C(11) 1.403(4)

04) C(11) 1.451(4) 0(4) C(12) 1.422(4)

N(1) C(1) 1.454(4) C(1) C(2) 1.387(4)

C(1) C(6) 1.377(3) C(2) C(3) 1.361(4)

C(2) H(1) 0.97 C@3) C(4) 1.403(4)

C@3) H(2) 0.96 C4) C(5) 1.407(3)
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Table 10. Bond Lengths (A) of 3¢ (Continued)

atom atom distance atom atom distance

C4) C(7) 1.441(4) C(5) C(6) 1.363(4)

C(5) H@3) 0.97 C(6) H(4) 0.96

C(7) C(8) 1.343(4) C() H(5) 0.97

C(8) C(9) 1.500(4) C(8) C(10) 1.497(4)

C(9) H(6) 0.96 C9) H(7) 0.96

C(10) C(11) 1.498(4) C(10) H(8) 0.96

C(10) H(9) 0.97 Cc(n H(10) 0.98

C(12) C(13) 1.473(5) C(12) H(11) 0.96

C(12) H(12) 0.98 C(13) H(13) 0.96

C(13) H(14) 0.96 C(13) H(15) 0.95
Table 11. Bond Angles (°) of 3¢
atom  atom atom angle atom atom atom angle
C9) 0Q3) C(11) 109.3(2) can 0@ C(12) 114.4(2)
o(1) N(1) 0(2) 122.6(3) o(1) N(1) C(1) 118.4(2)
0(2) N(1) C() 119.0(2) N() C(1) C(2) 119.5(2)
N(1) C(1) C(6) 119.7(2) C(2) C(1) C(6) 120.8(3)
C(1) C(2) C@3) 118.9(2) C(1) C(2) H(1) 120.4
C(3) C(2) H(1) 120.8 C(2) C(3) C@) 122.6(2)
C(2) C(3) H(2) 118.8 C4) C(3) H(2) 118.6
C(3) C4) C(5) 116.3(3) C@3) C4) C(7) 118.7(2)
C(5) C4) C() 125.0(2) C4) C(5) C(6) 121.7(2)
C4) C(5) HQ3) 118.7 C(6) C(5) HQ3) 119.6
C(1) C(6) C(5) 119.8(2) C() C(6) H(4) 120.1
C(5) C(6) H(4) 120.1 C4) C(7) C(8) 130.7(2)
C4) C(7) H(5) 114.7 C(8) C(7) H(5) 114.6
C(7) C(8) C9) 128.2(3) C(7) C(8) C(10) 125.4(2)
C(9) C(8) C(10) 106.4(3) 0Q3) C(9) C(®) 106.0(2)
0Q3) C9) H(6) 110.5 0Q3) C(9) H(7) 109.6
C(8) C9) H(6) 111.7 C(8) C9) H(7) 111.1
H(6) C9) H(7) 108.0 C(8) C(10) C(11) 103.1(2)
C(8) C(10) H(8) 111.9 C(8) C(10) HOY) 110.9
C(11) C(10) H(8) 113.1 C(11)  C(10) H) 111.3
H(8) C(10) HQ) 106.7 0Q3) C(11) 0O@4) 108.5(3)
0Q3) C(11) C(0) 105.93) 0Q3) C(11)  H(10) 111.1
04) C(11) C10) 107.2(2) 04) C(11) H(10) 1114
C(10) C(11) H(10) 1125 04) C(12) C(13) 110.4(3)
04) C(12) H(11) 1114 04) C(12) H(12) 109.8



Table 11. Bond Angles (°) of 3¢ (Continued)

atom  atom  atom angle atom atom atom  angle

C(13) C(12) H(1l) 110.1 C(13) C(12) H12) 109.0

H(11) C(12) H(12) 106.0 C(12) C(13) H(13) 109.5

C(12) C(13) H(14) 1089 C(12) C(13) HA5) 1117

H(13) C(13) H(14) 108.4 H(13) C(13) H(15) 109.0

H(14) C(13) H(15) 109.2
Table 12. Torsion Angles (°) of 3¢
atoml atom2 atom3 atom4 angle atoml atom2 atom3 atom4 angle
o) N1 C1) C@) -1.74) o) N() C1) C®6) 1773(2)
02) N(1I) C1) C@Q) 17720 02) N(1) C1) C6) -3.84)
0B3) CO CO® C(7) -179.0Q) 03) CO C@®  C10) -0.6(3)
0(3) Cdl) 0@ C(12) 67203) 0(3) C(11) C€10) C@®)  28.903)
0@4) CUl) 0@3) CO  83.703) 0@4) C(11) C€10) C@®)  -86.7(3)
N() C1) C@2 C@  179.0Q) N()  C(1) C6) CGB) -179.2(2)
c(l) CQ CB C@ 014 C(l) C6 €GB Cé 034
CQR) C1) €6 CB) 024 C2) CB) C& C6B) 004
C2) CB C@ 1 -179803) C3) C@ C1) Cc®6 004
C3) C@4 CB) Cc@6) -024) C3) C@ C7 €O 172.002)
C4) C(7) CO® CO  -024) C4 C7) C@®)  CU0) -178.3(2)
c5) C@ C7 C@®  -1.84) C6) CB)Y C@ ) 1796(3)
C(7) C@®) €10y C11) 161.6Q2) C®) CO 03 cu1n 19.703)
CY C@B3) CU1)  Ca10y -31.003) C C@® €10y ca1  -16.903)
C(10) C(11) O@) €12y -178.8(2) C(1) 0@ €12 C313) 165.1(3)

Table 13. Non-bonded Conactst out to 3.60 A of 3¢

atom atom distance atom atom distance

o(1) H(HY 259 o(1) H(13)? 2.94

o(1) H(15)»  3.09 o(1) H(14)»  3.20

o(1) C)P  3.4193) o(1) H(13)Y 343

o(1) C(13)Y  3.431(4) o(1) H(15)?  3.46

o(1) CQ»  3.529(4) o(1) C(13)?  3.573(5)

o(1) C3)»  3.575(4) o(1) H(12)?  3.58

0(2) H@4)Y  2.59 0(2) H®6)®?  2.67

0(2) H(15)” 2.98 0(2) H3)Y 328

0(2) C(6)®  3.342(3) 0(2) H(15)?  3.44
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Table 13. Non-bonded Conactst out to 3.60 A of 3¢ (Continued)

atom atom distance atom atom distance
0(2) H(12)?  3.48 0(2) H3)®  3.53
0(2) C(9)®  3.595(4) 0(3) H(12)”  2.80
0(3) H(ID®  3.04 0(3) H(7)? 325
0(3) H(11D?  3.26 0(3) C(12)"  3.495(4)
0(3) H(15)®  3.56 0(3) H(10)”  3.60
0(4) H2)'Y  2.66 0(4) H(10Y  2.99
0(4) H(5)'Y  3.14 0(4) H(14)”  3.40
0(4) Cc3)'  3.573(3) N(1) H(15)® 288
N(1) C(13))  3.526(4) N(1) H(14)Y  3.54
N(1) H(4)”  3.57 (1) H(15)) 3.43
C(1) C4)»  3.588(3) C(2) HG)Y 350
C(2) H(14)!D  3.57 C@3) H(13)!9 321
C@3) H9)'Y  3.40 C@3) HG)Y 352
C(4) HE®)Y  3.04 C(4) H9)'Y  3.50
C(5) H4)®  3.30 C(5) HER)Y 337
C(6) H#)®  3.36 C(6) H@4)) 347
C(6) H(3)®  3.58 C(6) H®6)Y  3.58
C(7) HEO®)Y 295 C(7) H9)'Y  3.03
C(8) HE®)®  3.08 C(9) H(11)® 323
C(9) H(15)® 327 C(9) HE®)Y 333
C(10)  H()?  3.34 C(10) H9)'? 337
C(10) H(5)'Y 347 C(10) H®)'?  3.57
C(11) H(14)” 3.22 C(11) H(7)? 330
C(11) HQ)'Y 345 C(12) H10)®  3.10
C(12) HQ)'Y 326 C(12) H(14)”? 333
c(12)  H™® 335 C(12)  H(11)®  3.54
C(13) H2)'Y  3.13 C(13) H(10)Y  3.13
C(13) H(12)Y  3.32 C(13) HD'™D 334
C(13) H©6)Y  3.59 C(13) H7)Y 359
H(1) H(13)!Y  2.89 H(1) H(14)'Y 295
H(1) H)D 3.1 H(1) H(13)'9 353
H(2) H(13)!9 241 H(2) H9)'Y 296
H(2) H(14)!V  3.29 H(2) H(12)!9 341
H(2) H(14)'Y 342 H(2) H(10)'Y 350
H(3) H4)®  2.94 H(3) HE®)Y  3.44
H(3) H6)Y  3.53 H(3) H(15)® 353
H(4) H@4))  2.65 H(4) H#)®  3.06
H(4) H6)Y 342 H(5) H9)'Y 261
H(5) HEB)Y 343 H(5) H®)'? 3.3
H(5) H©9)'» 357 H(6) H(15)®  2.84
H(6) H(12)?  3.45 H(6) H(1D® 347
H(7) H(ID®  2.70 H(7) HER)Y 272
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Table 13. Non-bonded Conactst out to 3.60 A of 3¢ (Continued)

atom atom distance atom atom distance
H(7) H(10)Y  2.93 H(7) H(15)®  3.05
H(7) H(12)®  3.36 H(8) H©9)'» 283
H(8) H®)'?  3.43 H(9) H©)'?  3.00
H(9) H(9)'Y  3.48 H(10) H(14)”)  2.40
H(10)  H(1D? 2.84 H(10) H(11)? 3.8
H(11)  HADY 263 H(12)  H(14)” 257
H(12)  H(15” 3.30
Symmetry Operators:

(1) -X+1,Y+1,-Z
B)X, Y+1,Z

(5) -X+2,-Y+1,-Z
(7) -X+2,-Y, -Z+2
(9) X, Y, Z+1

(11) -X+1, -Y, -Z

2)X, Y+, Z-1

@ XY, Z-1

(6) -X+2, Y+1, -Z+1
(8) -X+2,-Y, -Z+1
(10) -X+1, -Y, -Z+1
(12) -X+1, -Y, -Z+2

Table 14. Crystallographic Data of R* ,R*-3f

Empirical Formula

Formula Weight

Crystal Color, Habit

Crystal Dimensions

Crystal System

Lattice Type

No. of Reflections Used for Unit
Cell Determination (2 6 range)

Omega Scan Peak Width
at Half-height

Lattice Parameters

Ci6H19NOs

305.33

pale-yellow, rectangular
0.25%0.15% 0.15 mm’
monoclinic

C-centered
25(22.1-23.8° )

0.34°

a=19.238(4) A
b=12.755(3) A
c=15.148(3) A

£ =124.62(1)°
V=3058(1) A3
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Table 14. Crystallographic Data of R* ,R*-3f (Continued)

Space Group
Zvalu
Dcalc
F(000)

1 (MoK &)

C2/c (#15)
8

1.326 g/cm?®
1296.00
0.99 cm’!

Table 15. Crystallographic Data of R* R*-3f

Diffractometer

Radiation

Attenuator
Temperature
Voltage, Current

Collimator Size
Take-off Angle

Detector Aperture

Crystal to Detector Distance
Scan Type
Scan Rate

Scan Width
2 e max

No. of Reflections Measured

Corrections

Rigaku AFC7R (rotating anode)
MoK a (A =0.71069 A)
graphite monochromated

Zr foil (factor = 7.40)

25.0°C

50 kV, 250 mA

0.5 mm

6.0°

3.0 mm horizontal

6.5 mm vertical

235 mm

w-26

8.0° /min (in w) (up to 5 scans)
(1.52+0.30tan 0 )°

55.0°

Total: 3516

Unique: 3259 (R;,; = 0.048)

Lorentz-polarization
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Table 16. Structure Solution and Refinement Crystallographic Data of R* R*-3f

Structure Solution
Refinement

Function Minimized
Least Squares Weights

p-factor

Anomalous Dispersion

No. of Reflections (All, 20 < 55.00° )

No. Variables
Reflection/Parameter Ratio
Residuals: R; R,
Residuals: R;

No. of Reflections to calc R,

Goodness of Fit Indicator

Max Shift/Error in Final Cycle
Maximum peak in Final Diff. Map
Minimum peak in Final Diff. Map

Direct Methods (SIR92)
Full-matrix least-squares
Sw (Fo* - F¢?)?

1/ o*(Fo?)

0.0350

All non-hydrogen atoms
3259

199

16.38

0.147;0.163

0.052

842
0.99

0.001
0.69 ¢/ A3
-0.70 e/ A3

Table 17. Atomic Coordinates and Bj,/B.q of R*,R*-3f

atom X y z Beg
o)  0.5013(3) 0.8420(3)  0.1224(4) 10.7(1)
02)  0.6239(3) 0.8177(3)  0.1566(4) 9.6(1)
03)  0.6824(2) 0.15622)  0.2181(2) 5.34(8)
04)  0.641202) 0.10652)  0.3312(2) 4.87(7)
0(5)  0.7465(2) 0.0225(3)  0.4049(2) 5.76(9)
N(1)  0.5575(4) 0.7838(4)  0.1399(4) 7.1(1)
c(l)  0.5268(3) 0.4544(4)  0.1369(4) 4.82(10)
C2)  0.4616(3) 0.5226(4)  0.1115(4) 6.2(1)
Cc3)  0471103) 0.6298(4)  0.1129(4) 6.3(1)
C4)  0.5460(3) 0.6712(4)  0.1394(4) 5.3(1)
c5)  0.612703) 0.6059(4)  0.1656(4) 5.7(1)
Cc6)  0.6031(3) 0.4986(4)  0.1640(4) 5.0(1)
c(7)  0.511703) 0.3423(4)  0.1330(4) 5.0(1)
C8)  0.6246(3) 0.09704)  0.2271(3) 5.2(1)
CY)  0.5397(3) 0.1482(4)  0.1490(4) 5.6(1)
C(10)  0.5627(3) 0.2612(4)  0.1556(3) 4.55(9)
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Table 17. Atomic Coordinates and Bj,/Bq of R*,R*-3f (Continued)

atom x v z Beg
C(11)  0.6549(3) 02631(4)  0.1976(4) 4.84(10)
C(12)  0.7247(3) 0.0789(4)  0.4164(4) 5.14(10)
Cc(13)  0.7306(3) 0.0946(4)  0.5195(3) 5.6(1)
Cc(14)  0.6860(3) 0.0079(4)  0.5375(3) 5.6(1)
c(15)  0.7132(3) 0.0979(4)  0.5227(4) 6.2(1)
Cc(16)  0.6999(3) 0.1030(4)  0.4149(4) 6.0(1)
H(1) 0.4041 0.4893 0.0927 8.5
H(2) 0.4207 0.6772 0.0928 8.0
H(3) 0.6671 0.6368 0.1849 7.3
H4) 0.6513 0.4496 0.1819 7.0
H(5) 0.4507 0.3243 0.1049 6.9
H(6) 0.6260 0.0205 0.2080 7.6
H(7) 0.5100 0.1203 0.0756 72
H(8) 0.5002 0.1355 0.1696 72
H©) 0.6886 0.3115 0.2613 7.4
H(10) 0.6641 0.3001 0.1449 7.4
H(11) 0.7675 0.1316 0.4202 7.4
H(12) 0.7899 0.0994 0.5835 6.8
H(13) 0.7062 0.1625 0.5192 6.8
H(14) 0.6987 0.0127 0.6086 59
H(15) 0.6276 0.0154 0.4868 59
H(16) 0.7725 -0.1098 0.5795 6.9
H(17) 0.6822 -0.1527 0.5310 6.9
H(18) 0.6409 -0.0984 0.3607 72
H(19) 0.7183 -0.1721 0.4073 72

Bey = 8/3 PIX(Uy(aa*)*+Uy(bb*)*+Usy(cc*)*+2U 5 (aa* bb*)cos &

22U 5(aa*cc*)cos @+2Uy5(bb*cc*)cos &)

Table 18. Anisotropic Displacement Parameters of R* R*-3f

atom Un U Us; Un Ui Uns
o) 0.135(4) 0.087(3) 0.177(4) 0.042(3) 0.083(4) 0.014(3)
0(2) 0.129(4) 0.089(3) 0.157(4) -0.013(3) 0.088(4) 0.009(3)
03) 0.082(2) 0.068(2) 0.072(2) -0.002(2) 0.054(2) 0.002(2)
o4 0.061(2) 0.072(2) 0.053(2) 0.003(2) 0.033(1) 0.005(2)
0o(5) 0.066(2) 0.089(2) 0.072(2) 0.015(2) 0.044(2) 0.005(2)
N(1) 0.115(4) 0.072(3) 0.068(3) 0.006(2) 0.043(4) -0.004(3)
C(1) 0.051(2) 0.080(3) 0.044(3) -0.001(2) 0.022(3) 0.011(3)
C(2) 0.047(3) 0.096(3) 0.079(4) 0.005(3) 0.029(3) 0.015(4)
C(3) 0.062(3) 0.094(3) 0.077(4) 0.020(3) 0.036(3) 0.016(4)
C4) 0.068(3) 0.076(3) 0.048(3) 0.006(2) 0.027(3) 0.001(3)
C(5) 0.064(3) 0.074(2) 0.076(3) -0.001(3) 0.039(3) 0.015(3)
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Table 18. Anisotropic Displacement Parameters of R*,R*-3f (Continued)

atom U Ux Uss Uip Uiz U

C6)  0.0432) 0.073(2) 0.063(3) 0.002(2) 0.028(3) 0.010(3)
) 0.04803) 0.080(2) 0.048(3) 20.006(2) 0.018(2) 0.006(3)
c®)  0.07703) 0.069(3) 0.056(2) 20.004(2) 0.041(2) 20.004(3)
CO)  0.068(3) 0.077(3) 0.055(3) 20.018(3) 0.026(2) 20.002(3)
C(10)  0.051(2) 0.078(2) 0.034(2) 20.008(2) 0.017(2) 0.008(3)
can  0.055Q2) 0.070(2) 0.068(3) 0.003(3) 0.040(2) 0.008(3)
C(12)  0.054(2) 0.080(3) 0.055(2) 20.011(3) 0.027(2) 20.003(3)
ca3)  0.07703) 0.078(3) 0.052(3) 0.003(3) 0.034(3) 20.003(3)
C4)  0.076(3) 0.087(3) 0.055(3) 0.015(3) 0.041(3) 0.014(3)
cas)  0.082(4) 0.081(3) 0.079(3) 0.016(3) 0.051(3) 0.020(3)
C(16)  0.098(4) 0.061(3) 0.082(3) 0.009(3) 0.059(3) 0.002(3)

The general temperature factor expression:
exp(-2PP(a* Uy B2+b*2 Uy k> +c* 2 Uz P42a* b* Uy yhk+2a* ¢+ Uy shiH2b% c* Uyskl))

Table 19. Bond Lengths (A ) of R* R*-3f

atom atom distance atom atom distance
o(1) N(1) 1.210(5) 0Q2) N(1) 1.231(5)
0(3) C(8) 1.414(5) 0@3) C(11) 1.432(5)
0@4) C(8) 1.426(5) 04) C(12) 1.420(5)
0(5) C(12) 1.401(5) 0(5) C(16) 1.427(5)
N(1) C@4) 1.452(6) C(1) C(2) 1.389(6)
C(1) C(6) 1.398(6) C(1) Cc(7) 1.454(6)
C(2) C(3) 1.379(6) C(2) H(1) 1.06
C@3) C(4) 1.364(6) C(3) H(Q2) 1.03
C4) C(5) 1.387(6) C(5) C(6) 1.379(6)
C(5) H(®3) 0.99 C(6) H4) 1.02
C(7) C(10) 1.331(6) C(7) H(5) 1.02
C(8) C(9) 1.516(6) C(8) H(6) 1.02
C(9) C(10) 1.494(6) C9) H(7) 0.98
C(9) H(8) 0.98 C(10) C(11) 1.506(5)
C(1n H(9) 1.01 C(11) H(10) 1.02
C(12) C(13) 1.513(6) C(12) H(11) 1.04
C(13) C(14) 1.516(6) C(13) H(12) 0.99
C(13) H(13) 0.98 C(14) C(15) 1.510(6)
C(14) H(14) 0.96 C(14) H(15) 0.94
C(15) C(16) 1.504(7) C(15) H(16) 0.98
C(15) H(17) 0.97 C(16) H(18) 0.95

C(16)  H(19)  0.98
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Table 20. Bond Angles (°) of R*,R*-3f

atom atom atom angle atom atom atom angle
C(8) 0Q3) C(1) 108.4(3) C(8) 04) C(12) 114.3(3)
C(12) 0O(5) C(6) 113.6(3) O(1) N(1) 0(2) 121.5(6)
O(1) N(1) C4) 119.4(6) 0(2) N(1) C4) 119.1(6)
C(2) C(1) C(6) 117.5(5) C(2) C1) C(7) 118.4(4)
C(6) C(1) C(7) 124.1(5) C(1) C(2) C(3) 121.7(5)
C(1) C(2) H(1) 117.6 C@3) CQ2) H(1) 120.6
C(2) C(3) C4) 119.8(5) C(2) C@3) H(2) 118.9
C4) C(3) H(2) 121.2 N(1) C#4) C(3) 121.1(5)
N(1) C4) C(5) 118.7(5) C@3) C4) C(5) 120.2(5)
C4) C(5) C(6) 119.9(5) C4) C(5) HQ3) 119.6
C(6) C(5) HQ3) 120.5 C(1) C(6) C(©) 120.9(5)
C(1) C(6) H(4) 118.4 C(5) C(6) H(4) 120.7
C(1) C(7) C(0) 130.7(4) C(1) C(7) H(5) 113.2
C10) C(7) H(5) 115.9 0Q3) C(®) 0(4) 111.5(4)
0(3) C(8) C©) 104.7(4) 0(3) C(®) H(6) 109.5
0(4) C(8) C©) 106.9(4) 0(4) C(®) H(6) 111.7
C(9) C(8) H(6) 112.4 C(8) C©) C(10)  102.5(4)
C(8) C(9) H(7) 113.7 C(8) C©) H(8) 111.4
C10) C©H) H(7) 112.6 Cc10) CO) H(8) 113.1
H(7) C©) H(8) 104.0 C(7) C(1oy €M) 125.8(4)
C(7) C(10) C(1) 128.0(4) C(9) C(10) C(11) 106.2(4)
0(3) C(11) C(0) 106.1(4) 0(3) C(11) H() 114.6
0(3) C(11)  H(0) 113.7 C(10) C(1) HO) 112.1
C(10) C(11) H1o) 1111 H() C(11)  H(0) 993
0(4) C(12) 0O(5) 112.3(4) 0(4) C12) C(13) 106.8(4)
0(4) C(12) H(1) 110.0 O(5) C12) C(13) 113.54)
0(5) C(12) H(11) 108.6 C(13) C(12) H(1) 1055
C(12) C(13) C(14) 111.8(4) C(12) C(13) H12) 1127
C(12) C(13) H(13) 110.8 C(14) C@13) H12) 108.9
C(14) C(13) H(13) 109.0 H(12) C(13) H@3) 1033
C(13) C(14) C((5) 11034 C(13) C(14) H{14) 1103
C(13) C(14) H(15) 1084 C(15) C@14) H@14) 1095
C(5) C(14) H(15) 108.8 H(14) C@14) C(15) 1094
C(14) C(s5) C(6) 109.9(4) C(14) C@15) H(e6) 109.8
C(4) C(5 HA17) 109.6 C(l6) C(15) H{e6) 110.0
Ccde) C(5 HA7) 1117 H(16) C(15) H®17) 105.7
0(5) C(16) C(15) 110.8(4) 0(5) C(e6) H(18) 112.1
0(5) C(16) H(19) 110.1 C(15) C(6) H(18) 108.5
C(15) C(16) H(19) 1085 H(18) C(16) H(19) 106.7
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Table 21. Torsion Angles (°) of R* R*-3f

atoml atom2 atom3 atom4 angle atoml atom2 atom3 atom4 angle
o) N() C4 C@3) 4.2(8) Oo(1) N(1) C“) C(5) -176.4(5)
O0(2) N() C“) C@3) -174.7(5) 0(2) N(1) C4 C(5) 4.7(7)
0(3) C(8) 0@4) C(12)  -55.8(5) 0@3) C(8) C©) C(10)  -33.9(4)
0(3) c(11) Ca1o cm 174.5(4) 0(3) C(11) Ccaoy Co -2.5(5)
0@4) C(8) 0(3) c(11)  -81.2(4) 04 C(8) C©) C(10)  84.5(4)
04) C(12) O(5) C(16) -67.0(5) O4) C(12) C(13) C(14) 753(5)
0(5) Cc(12) 0®) C(8) -55.4(5) 0O(5) C(12) C(13) C(14) -49.0(5)
0(5) C(e6) C(15) C14) 58.7(5) N(1) C4) C@3) C(2) 179.0(5)
N(1) C(4) C(5) C(6) -178.9(4) C(1) C(2) C@3) C4) 0.2(8)
C1) C(6) C(5) C4) -0.5(7) C(1) C(7) C(10) C©Y) 179.6(5)
C() C(7) C(10) C(11) 3.2(8) CQ2) C(1) C(6) C(5) 0.3(7)
C(2) C(1) C() C(10)  -178.2(5) CQ2) C@3) C4) C(5) -0.4(8)
C@3) C(2) C(1) C(6) -0.2(8) CQ3) C(2) C() C(7) -179.7(5)
C@3) C4) C(5) C(6) 0.6(7) C(5) C(6) C() C(7) 179.8(5)
C(6) C(1) C() Cc(10)  2.2(8) C(7) C(10)  C(9) C(®) -155.3(4)
C®) 0(3) C(11) C0) -19.8(4) C(8) 0(4) C(12) C13) 179.6(4)
C(8) C9) C10) Ca1) 21.8(5) C) C(8) 0(3) C(11) 34.04)
C) C(8) 0@4) C(12) -169.6(4) C(12) 0() C(16) C(5) -59.2(5)
C(12) C@13) C(14) C15 49.1(5) C(13) cCa2)y 05 C(16) 54.2(5)
C(13) C(14) C(1s5) C16) -54.1(5)

Table 22. Non-bonded Conactst out to 3.60 A of R* R*-3f

atom atom distance atom atom distance
o(1) H7)Y 292 o(1) H(17)Y  2.92
o(1) H(18)?  2.99 o(1) H6))  3.01
o(1) H(15)?  3.02 o(1) H(18)Y  3.13
o(1) C(15)?  3.484(7) 0(2) H(6))  2.69
0(2) H(14)Y 291 0(2) H()Y  3.06
0(2) H(9)”) 3.08 0(2) H(18))  3.11
0(2) H(19)Y  3.15 0(2) H(13)® 3.6
0(2) H(15)Y  3.37 0(2) H(10)Y 3.43
0(2) C(16)>  3.461(7) 0(2) C(14)Y  3.475(6)
0(2) C(11)®  3.577(6) 0(3) H(3)® 240
0(3) H(17)”)  2.83 0(3) H(14)?  2.84
0(3) Cc(5)® 3.340(6) 0(3) C(15)"  3.413(5)
0(3) H(16)"  3.45 0(3) C(14)"  3.476(5)
0(4) HE®)®Y 274 0(5) H(1)? 277
0(5) H4)®  2.94 0(5) H(10)®  3.18
0(5) H(3)®  3.36 0(5) C(2)”  3.494(5)
0(5) HQ)?  3.52 N(1) H(7HY  3.00
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Table 22. Non-bonded Conactst out to 3.60 A of R* R*-3f (Continued)

atom atom distance atom atom distance
N(1) H(18)®Y  3.15 N(1) H®6)) 322
N(1) H(19)®  3.47 C(1) H(1)®  3.54
C(2) H(12)!9 345 C(2) H(16)!9 3.56
C(2) cR)®  3.57(1) C@3) H10)Y 336
CQ3) H(16)'Y 357 C(5) H(16)'D  3.18
C(5) H(11)®  3.24 C(6) H(12)!V 339
C(6) H(14)!V  3.39 C(6) H(16)'D  3.50
C(8) H(14)”  3.18 C(8) H3)® 347
C(8) H®)®  3.57 C(9) H(15)®  3.15
C(9) HE®)®Y 325 C(11) H(17)?  3.18
C(11)  HEB)® 325 C(11) H(12)!Y 335
C(12) H(1)?  3.05 C(12) H(3)® 330
C(12) H(13)!D  3.48 C(13) HO'"Y  3.00
C(13) H(1)?  3.05 C(13) H(13)!D 350
C(14) H(6)'Y  3.39 C(14) H(7)®  3.44
C(14) HO)'D 347 C(14) H®)®  3.54
C(15) H(19)!® 3.14 C(15) H(1)”? 348
C(15) HQ)™  3.58 C(15) H(10)'?  3.60
C(16)  H10)® 345 C(16) H(1)? 3.7
C(16)  HQ)™W  3.60 H(1) H(12)!9 240
H(1) H(16)!9 287 H(1) H(11)!9 2388
H(2) H(17)Y 2.82 H(?2) H(16)!0 2.87
H(2) H(10)Y  3.01 H(2) H(19)'Y  3.26
H(2) H(19)”  3.29 H(2) H(18)? 3.32
H(3) H(11)Y  2.53 H(3) H(16)'D  3.08
H(3) H©9)) 328 H(3) H(14)'Y 330
H(3) H(10)Y  3.47 H(3) HA7)'"D  3.58
H(4) H(14)!V  2.87 H(4) H(12)!V  3.12
H(5) H(1D'Y  3.06 H(5) H(12)!9  3.08
H(5) H(13)®  3.23 H(6) H(14)" 2.6l
H(6) H(15)"  3.40 H(7) H(15)® 2.62
H(7) H(13)®  3.59 H(8) H®)®  2.44
H(8) H(15® 272 H(8) H(13)®  3.34
H(9) H(12)!V  2.43 H(9) H(13)!V 276
H(9) H(14)'D  2.96 H(10)  H(17)) 271
H(10)  H(19)Y 281 H(11) H(13)!V 273
H(11)  HA2)'D 3.60 H(12) H(13)!D 343
H(13)  HA3)'D  3.05 H(16) H(19)® 279
H(17)  HA9Y 2.74 H(19) H(19)®  3.07
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Symmetry Operators:

(1)-X+1, -Y+1, -Z (2) -X+1, Y+1, -Z+1/2
G)X, Y+1,Z (4) X, -Y+1, Z-1/2

(5) -X+3/2, Y+1/2, -Z+1/2 (6) -X+3/2, Y-1/2, -Z+1/2
(DX, -Y,Z-1/2 (8) -X+1,Y, -Z+1/2

9) X+1/2, -Y+1/2, Z+1/2  (10) X-1/2, -Y+1/2, Z-1/2
(11) -X+3/2, -Y+1/2, -Z+1 (12) X, -Y, Z+1/2
(13) -X+3/2, -Y-1/2, -Z+1 (14) -X+1, Y-1, -Z+1/2
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F2E NTVUAID)-FHAD-F T NVENLTF D HRERL S D RFE AR D BRFE
—T7 VAT a—VIEHDOE =)V —F N ~DTF o F IR - BALR G —

[\
s
i

B TR L9512, Uy H—RRIS &1 2 MiRT D0 Lo fIC L 0 | BREREE
KIDT WA AT 22 G e TH D, ZORIRE. BREE L INT-BER %
GRSV EEME RO D DER R FETHL, TNETEZLLONE>PNCLy, =0

FOSDBURIRONEH A R STV D, ZOMDRISORFES]Z Scheme 14 1273, ZIZ T

E’dXZL*
: R *IXPd R R
__/ * :
+ _HX OR' 'HPdXL* ORI
R'OH
Scheme 14

-

X, PAX, DREBEFHIRENL, FDH%, X270 MM S RERIOT VA Iz
KT L RBMEARTHITT S, Z0%, o-T /X 2T D7 LAFEN ST DT
Lt RU ROBEENEZ D, BbENT-A8WE 52 5, RS 7= XPdH O 2813,

fEAERICBWTE DO TEETH Y p-2 V' F ) T CuX, DFE T UIEGFET T

PdX,L*
H: R
\=--/ H PdXL* H
<OH -HX Q*L<—H “HPAXL* g\
(R =Me)
oxypalladation
Scheme 15
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Doy IRIEE D X O b FEamR bR OEH LR BET 2, BIfEO FE72BI0% XPdH &
S IREER L OFBEZHI SN TH I LITED LN TNEN 0 Uy —REg{coik
RE 7RI TdH D CuX, DIERICIZIEE A EBILM DI T AL 213,

U RS DAFAGIT, BIRBILSOGDOBFE DS 6 b IRiER S TVnD 2
ED—DThbD, 1978 T, TNV v I —RIEALOH)D TOARFLAHRE SV TLR
(Scheme 15)°°* W< ONDOHFFE S V— T HE\ N %ee THAFIEMRBEER T % GTe~T 1
BAREITV., ZOROMSEOEREZED CEL Y, ZOROAFISICIT, pv
X UMb EEmRIR LA & L THV B, CuX, il & Egmi bl & Lo kg x i
WD ZEIIFE A E RN,

SO, XTI ATV DT UF AN 2T U AL o TBIEND5E
2. R READ o FECRIST 20 MY v I —BISIZ DWW T O FER 72 5 A R T
TW5 7, ZdZ L%, Scheme 14 1278 L7z X 9 AR ENE TN EARA
LTV, LoLans, BEOMIEICE Y USKRKIZ, EFIcx 7 V7 0 —%24EL D
KOS EDH T &b TE H(Scheme 16), BIZIX, > FIATa—LFEHLRAE=L
T—7 L 2 K L TREA & L THWSGTZ5E . Scheme 17 I3 X 912, o FRIA*
VRT VY MUKV ERT DIERERET D & 2ALDONLEICA K RFEEFFoT2 2-7

NaAXT ARV YFUF NI Ra 75 UK 3 NERT 5,

PdX,L*
2 R "LXPd R R
_:_/ *
R'E)H -HX OR' -HPdXL* OR'

oxypalladation no-asymmetry

| (R = allyl)
PdXL*
*LXPd R H
|y .
O * R| -HPdXL* O *R
Scheme 16
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Ar PdXL*

Ar
= + | PdXZL* _ PdXL* . Ar H Ar AN
(S /L; . “HPdXL* AV
OH “OR o or o VOR o~ “OR
1 2 3

L* = chiral ligand

Scheme 172
2 A catalyst system in the present study is composed of Pd(IT), Cu(II), catechol, L", and 0,.

ZOROIBEEOT., EHIXSO MU v —RInE LTy IATa—)VEE &
=L —TF L 2 OPIDCOREN v 7Y U IR E R LTz, S5, ZOARFKGT
BT D27 vaxe T I Fr7 T MK 3 O BlEORE bIT - 72, BiETIE, 2
DS DIEAR 2 FEANCTRA L. 0 FIREEEAFIE T COFERR/ T 20 L & HERRHR O fil fiAF
MBS 7 a—nalmFleT2EFE LM ETHIEEZHALNC LT, ZOFRFEL I,
FEFIIZOROARFICDOERFFE A O NTT 2 Z LICRV AT, 612, 57k
WESRAF(E T PdX, & CuX, DfEAFEH OB b ER A Tz, ZOMFE TR, Y%ee DIEE

2MfiRT T LOMWE ZBRT D72 DOFRnn & LTHIA LT,

2. 2. HRLEE

FERE /T 207 IN(5 mol%). RS, 71T 20—/ & (8,8)-4,4-_ PN AL XYV Y L 5a
(1:1:22) OMAAHE Z I HNT, (B)-v v FIvTa—i(lak=F L=l z=—7F
N(2a) & RFHE T, =i T 24 B BIG %17 - 72(Scheme 18), % DfEH:, AEMI(R)-(+)-3a 23
IR 71%, RFULR 40% THF S 172 (Table 23, entry 3)*®, Z DS TORE R A I,
FHIL, ETHBEOR R EEE OMINCE D M A TS, RNEFEAL 2 WO STIE, BERE
RT VT L EEEERSR ORISR L, T a— VB IRMANZ WD &K L 72 (Table 23,

entries 1,2)%, ZDZ LiE, AEFRISICBWTHIFILZ ENEZ D, T72bb, b L,
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Pd(OAc),, Cu(OAc),

catechol (4a), (S,S)-5 Ph™
PhX-""0OH *+ < OEt AV

tol rt, 24 h “,
1a 2s O,, toluene, rt, 0 Okt
(R)-(+)-3a
O O 5a: R = CH,Ph
OH \|—|/ 2
@ 3/',\, U_) sb:R=ipr
-~ bc:R=iB
OH B R C _I u
4a (S,S)-5 5d: R =tBu
Scheme 18

T 32— (4a)% VR T R, 3a OIRIT 26%F T L. = F o F A 8IRE S 29% ee
F TR T %(Table 23, entry 4), Z DOARFWROBLGIL, RO L IR TEx 5, 17 a—
APIFAEL RN & & F T VI T Sa [T /N T 20 DZENALT 2 O &[RRI FERE S~ b
BNL 952 LN TE DY, 5a DFFIE/NT VT LA~OENLAEFIRSC L > CTIiE ST\ 5
T2, AFINROETICER > TNDE Y SV 5 E, BT 2— WIEHREIRIC RN 5
Tl ity ENDRIT, AT A—IDFET H L E | Sa OENLITFER T VT AMANHE

FELTHRZAD, ZOMIRIL, Scheme 19 IR LIERNOLXEINS, T/hbb, EHie S

Table 23. Study for the Catalyst Composition in Enantioselective Coupling of
Cinnamyl Alcohol (1a) and Ethyl Vinyl Ether (2a)?

Pd(OAc), Cu(OAc), 4a (S,5)-5a 3a
entry (mol%) (mol%) (mol%) (mol%) solvent vyield (%)® ee (%)°

1 5 5 10 - MeCN¢ 82 (42)°

2 5 5 - - MeCN¢ 38 (15)° -
3 5 5 10 10 toluene 71 40
4 5 5 - 10 toluene 26 29
5 5 5 - 20 toluene 18 38
6 5 - 10 10 toluene 17f 39
7 5 - - 10  toluene  13f 39

2 1a (1 mmol), 2a (4 mmol), toluene (2.5 mL), O, (1 atm), rt, 24 h. ® Isolated yield. ¢
Measured by chiral HPLC. ¢ MeCN (1.0 mL), 3 h. € Toluene as solvent, 24 h. '"NMR
yield.
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O O

= s

S .
1) O, Ph N N7 _pn

2) NaCl 2Pd
Cl Cl PpdCI-(S,S)-5a

Pd(OAc), + Cu(OAc), + 4a + (S,S)-5a

/

>75%

31% (in the absence of 4a)
Scheme 19

TV, HEEEN, BT a—/L (4a), L Sa O ML UK ATRFRAAAE T T 1 BEEHE A
Tolze LT, TOWRMBEBATAEKCOBEIND Z LT, EBEMZEIT VT A
(ID-(S,S)-5a SERDILFHE 75%LL | THEET X %(see, page 80), — . BT I — A NFIELZ
WEE . ZOEOBBHNRIT 1% Th o7z, 26 < HEERE~D Sa OEULANFRIRHIE Z
STeNBIEEBEZ NS,

S 512, Table 23 DFEREMNDS, s 2T L TOHT 3 — /L OEEINKRD X HI1RE S
o, —2BIE, BN BT I — IV OFE T TlX, =F U FABIRMEIL, 39%ee &
FEYESR & b X TAEAGIT M) > 7= (entries 6 and 3), L72>L., 3a DULHEIL 17% & F L < B
L7ce TOZ &1E, BRI 7 o FA BRI BT, AT a— v effi+52 &
T, OSSR RESETWD LS5, oL, B E BT 22— L O ) 237
FEL7aWnE & =) U F AR & [FERICE(RIZ IV 23(39% ee) (entry 7). 3a DIUY
FIX 13% LR, Thebb, = U FARRMER, BFE ST VUL L Sa DMEHIZL - T
BT, BOSHEIIEERRE & T a2 — L OMAEEIKETH L E 25,

NIy L LI L THN S 4a & Sa OFES 2 A LR, I ZMiRT 2
SNBH, NIV TAI LT 2EED da & Sa 25D 2 & BIERESRME Lz, foldk
HRRFTOFEMIL, FEEROEIZFLHEIT D (see, page 80), IWELIZRI L CTHMELIT > /bR, £~
FEISTIX, M UBBRTND ZER oz, Mot LT, <€, THF,

fEAF LY, R 12-V7unxX il EToTm, ZORMBEDOFEMIZOWVTH R
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DI FLHT D (see, page 82), £7o. F T NEMLFZHWRWRISETIEL, &b BWIEZ 5.
RIETE R= U VERWEGE . RERIS TIEAERY 3a DIERIT 56%, REFIEIT 9%
ERWVRERMR LR oTe, O &, PAADIZT & b= K~ UL AMESERYICELNL L
X 7 NI OBLLEREE DT BiL, FH L <% ee DIEPEAD LI L EA D,

RUVNVEORDVIZ, 44O BRI Z FFOHMAR T L 24T Y ) o 54
% W CTARFE LU 21T - 72(Scheme 18), Table 23 @ entry 3 |Z/8 L7ZHEHELME T, 22
DX FNENLFHHNTRICEIT o T2 & 2 A R 3a DILE & ARFIERITIR OFR 725 F
Lol (5,9)-5b (R=i-Pr)Z W BE, I 85%, AN 32%, (S,5)-5¢ (R =i-Bu)®
Bt WE 85%., AAULEE 32%. (S,5)-5d (R = -Bu)DIE UL 29%, AEULE 1%, (S,5)-5e
R =Ph)DHFAE, LK 52%, FHNEK 1% ThH-o72, Thbb, WIholfi-2H0NTh
BWiERII/ b oT,

RIZ Table 24 (TR L2 X 912, E=rx=—TF /L2 OT AFAAAGOR)Z=F /L, 7'rt

. TFNL, AT, FTTFAREICENERTED Y, Z08EAEb%ee lIHED M ELZA

Table 24. Change of Enantioselectivity with Changing Substituent (R) of

Vinyl Ether 2
Pd(OAc), (5 mol%)
Cu(OAc), (5 mol%)
catechol (4a) (10 mol%)
-5a (10 mol® X
PN SN (S,S)-5a (10 mol%) Ph \ H
Ph OH OR /
O, (1 atm), toluene (2.5 mL), o
1a 2 ft, 24 h OR
(1 mmol) (4 mmol) ’ (R)-(+)-3
entry Z>0Or,2 R product, 3 yield (%)* ee (%)°
1 2a Et 3a 71¢ 40
2 2d Propyl 3i 67 35
3 2b n-Bu 3b 86 53
4 2e n-Hexyl 3j 41 34
5 2f n-Octyl 3k 69 47
6 2g Benzyl 31 60 46

4 NMR vyield. ® Measured by chiral HPLC. © Isolated yield.
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Mol, ZNHOFTEH, 7F A=V —T L& fWiz & ZITAERY 3b BAFIE 53%
THLN, ZOEE, ZRETOFTROERWVHRTHD, ZOMEBEHIET. ZOHHT
T U HEH LemVMETITZ2W2S, Bifilit & U TR A2 W AR Y > i —Rlifg ko d
T, EVEE LTRHMliL TH RV EF X5 7%,

Scheme 18 (278 L2 UG D FEAER) & L TH HALD(+)-3a (R = EYOfEBLE L, FRiod
FERIZ X0 (R)-IKIZ)7)E C X 72(Scheme 20), L3, (5,5)-5a #H\WT4-=hrav o FI LT
JLa—)L(1b) & TF /)L B =)L —T )L (2a) & fUGR S ETz, L DORER. (2)-(+)-4-(4-= hr
PUFN)2-T hXTT T R T T Ge)BILER 1A% R FIR 34% TH L Y, 20
W) 3¢ ZxST 5 4-7 X 7 R DU T UFBER 3m (FeCly, NHoNH, - HyO) A # S+ #ii
W, HTIRD X 7 ARBIAI T B (R)(-)-(1-1 Y > T F— b= F L)y F 7 X L 2 ((R)-6) % it
ST, TR, RFEERT N 6535 DT AT LA~—REWME L TELNRE, Z0Y
TAT VA —IREMET A N X bV TN =T LR T D L.

X-Fp s ST I L7 — U T AT LA~ —OEERN S ONZ, 2R E AW T

4-N0206H4/\?—>\
4-NO,CeHy X""0H + A opt — <

i) 0" DOEt i)
1b 2a (+)-3c
74%, 349
Me %, 34% ee
Naphj<""H
NCO H o
Mel N_ N
R)-6 -
A-NH,CeH R R \
g ii) O N2
o OEt OO o OEt
(+)-3m 7
62% (R2R) + (R,25)
72%

i) 1b (2 mmol), 2a (8 mmol), Pd(OAc), (10 mol%), Cu(OAc), (10 mol%), catechol (4a) (20
mol%), (S,S)-5a (20 mol%), toluene (5.0 mL), rt, 28 h. ii) (+)-3¢ (0.5 mmol), NH,NH,-H,O0 (4
equiv), FeCly (0.5 equiv), active-Carbon (7 equiv per FeCly), 2.5 mL each of THF and EtOH,
70 °C, 2 h. iii) (+)-3m (0.23 mmol), (R)-6 (0.23 mmol), THF (0.9 mL), t, 21 h.

Scheme 20
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Figure 6. ORTEP drawing of the crystal structure of (R,2S5)-7, [(£)-4-(4-N-(R)-(1-naphthylethyl)

-ureylene)benzylidene-(2S5)-ethoxytetrahydrofuran)].

XM AEIERNT 21T > 7=, Figure 6 (R LI2ANT v 7N S DML X I, ZOVT AT
VA~ — ORI EII(R,S)- K TH D, XAHENTICH W REMmIE, 7 A7 LA ~—7 OH
DEDVIZNTOEWMTH S Z &M HPLC & NMR OfENT#EF L 0 430 £ L7=(see, page
86), 7t T, Scheme 18 TEHAERMY & L TH LIV AERYI(+)-3a DIERTELE IX(R)-A L LT
JwE ST,

W, FHI1L 1a & 2a OJET PAIN) T Cu(I)D T =4 L EAL (X)) DR FAZ DU TRl
L7z, Table25 M entry LIT/R L7z kDI, BEER/ ST U0 A N 704 iR, 4a,
& (S,5)-5a Z il & U CHWEEE, AR 3a IR 65%, UK 35% ee THX T2, £
DES BIESHE LT 1a & 2a DIMETH L 11 IR 1% TEHERTz, 7 =4 VB f%
R LIZSE, T7bb, N 7 VAaliiE/ 7 Ty L L FERRE A o & IS RO

RGO AT (entry 2), T AL D OfEEDOF A T(S,S)-5a Z W e o726, WDV
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Table 25. Effect of Anionic Ligands of Pd(II) and Cu(II) on the Reaction of Cinnamyl Alcohol (1a)
and Ethyl Vinyl Ether (2a)*

i AL
Ph/\/\OH + /\OE’[ _)_ 3a + Ph/\/\o OFEt + Ph/\/\o/\

1a 2a 11 12

i) catalyst system: Pd(II), Cu(Il), 4a, and (S,S)-5a

11 12 3a
entry  Pd(Il) Cu(ID) L"  base yield (%)° vyield (%)? yield (%)° ee (%)°
1 Pd(OAc), Cu(TFA), (S.5)-5a - 11 - 65 35
2 Pd(TFA), Cu(OAc), (S,5)-5a - 10 - 57 41
3 Pd(OAc), Cu(TFA), - - 18 11 9 -
4 PA(TFA), Cu(OAc), - - 7 14 6 -
5 Pd(OAc), CuCl, (5,5)-5a - 11 12 9 26
6 PdCl, Cu(OAc), (S,9)-5a - 3 5 3 28
7 Pd(OAc), Cu(TFA), (S,5)-5a NEt, ; - 64 37
8 PA(TFA), Cu(OAc), (S,5)-5a NEt; - - 79 43
9 Pd(OAc), Cu(TFA), - NEt, - - 51 -
10 Pd(TFA), Cu(OAc), - NEt; - - 67 -
11 PdCl, Cu(OAc), (S,5)-5a NEt - - 10 29
12 Pd(TFA), Cu(TFA), (S,5)-5a - 31 - 31 8

2 1a (1 mmol), 2a (4 mmol), Pd(II) (5 mol%), Cu(II) (5 mol%), catechol (4a) (10 mol%), L™ = (S,5)-5a
(10 mol%), NEt; (10 mol%), toluene (2.5 mL), rt, 24 h. ® NMR yield. ¢ Measured by chiral HPLC.

AT LCRIZERW) & U CTRINER 11 BIAMT 12 2 JE K L 72 (Table 25, entries 3 and 4), &lZER)
12T . ==L 2a DTV ax Ry L la DT —T VI KHIET D, ZD & 912,

BN DDV AT LAOMTIRIFERTH D Z L1305, FROAERM A, BE
f /N T 20 LSEARSRAL) & AL T 20 A-FERRER O 2 AT L O] T H B S A7z (Table 25,
entries 5 and 6)*, & TOHAIZ, BOFRAE LT R =F AT I U EHAWTEREITH
&L ERB OIEECAF IR B | FERD 11 & 12 OB ORI IIH S 415 (Table
25, entries 7-11), ~ U Z VA B FiE/NT U7 - b U 7 VA v BEEREH 2 AW T2 SO Tl $#
HCEERR DO D ITERPEEE DOFRU b U 7 VA a FEER ST D 72 O 11 DU

9% (Table 25, entry 12), U =F T I DISMTIEHEIE L 2 5 iofli 2 DR Z W TH
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BRI 11 & 12 ORI T& 5 (Table 26), = OHHIZRIL, HIED pKa DIEITKLF

LTWa LfEbhd,

Table 26. Effect of Base on the Reaction of Cinnnamyl Alcohol (1a) and Etheyl
Vinyl Ether (2a) using Pd(TFA),-Cu(OAc), Catalyst*

yield (%)°

entry base 12 3a pKa

1 - 10 57 (41% ee) -
2 Pyridine 5 46 (7% ee) 5.33
3 2,4,6-Tri-tert-butylpyridine 5 52 (31%ee) 7.02
4 NEt; 0 79 (43% ee) 10.87
5 (i-Pr),NEt 0 80(41% ee) 11.26
6 Proton-Sponge 0 78 (40% ee) 12.50
7 DBU 0 80(41% ee) 13.47

8 Ca(OH), 0 63(43% ee) -
9 Na,CO; 0 60(39% ee) 10.33
10 Cs,CO;5 0 44 (47% ee) 10.33

21a (1 mmol), 2a (4 mmol), Pd(TFA), (5§ mol%), Cu(OAc), (5 mol%),
catechol (10 mol%), (S,S)-5a (10 mol%), base (10 mol%), toluene (2.5 mL), rt,
24 h. ® NMR vyield.
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PdX,/CuX,/catechol/ 5a =1/1/1/1 725725, 3)H 7T 2 — /VIXEAIZHICESL L, 7 VB
NA 52 1T T DT DENT D, 2D Z EIFEITR AT EBRIC X - T3HHEF &1 5 (Scheme
19), T72bbH, M T URERIRET T, B/ N7 U0 A BB, 717 23—/ & (S,5)-5a
(WD) ERISSHETZ L Z A, F 7 VENL1(S,5)-5a ZFF0 2 i N7 U0 AGEIR A BT 5
ZEBTED,

F—E TR XD ITHR/ N T V0 LB O 72 D2 W5 & T 32— vidsy

63
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Fdi 2> TR S 5 il 2 B3 2 B 72 € 7 /L % Figure 7 \ZH242 3 5, Figure 7 D 13a |T/R
L 7= i BB A T, 446 L TV D RAL -2 BERRIR & L TRV 2 ), S0 T = L EL T
b5 M) TZNVAaFRRENNT VT LAOFFRERNL L AT 52 T13b 2525, B
U7 NAalifg T T A-FEEHEOSE T Y $HOBNL - Th DR N T 20 A DRL
fLfThHD M) 7NAREBE L TS D, ZORIRT =AM FORMREZ 52
ST XD Table 25 @ entries 1 & 2 TEUN S N AR AT ORI —PERAE L 2 DO TIHZRWN

MEER D, T LHIEMRTHD LV I DT TIERWVA, 13a XiT b DKL, T72bb,
TFA OAc

TFA_| oA . TFA_| oA
~Cur,,  CPd WCUs,  CPd)
o" = OAC ™ —_— o" = TP

<: = (S, S)-4,4'-benzylbisoxazoline

Figure 7. A simplified representation for the anion exchange in Pd(OAc),-Cu(TFA), catalyst.

P(NMe,),
ﬁHNMeZ g
|
o ° |
Me,NHC=0—C{—O=CHNMe, o] Cu—Cl
" Kig
o]
I N
Me,NHC CI—Pd—CI\ Pd/'/O\Pd\
Cl—Pd—Cl cl— / Cl
N /Pd
Cl ‘
14 15

Figure 8. Examples of Pd-Cu bimetallic complexes.
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o)
PdX; ? (\ 3 + X-Pd-H
16

X-Pd-H X-Pd-OOH \8&

17 p HOOH

NS
HX

d <

X = anionic ligand (OAc or TFA)
with copper moiety.

Pd° Pd\é

\\T// 19
0

2

2 The Pd species bearing chiral ligand 5a must be bimetallic with Cu(II), but for
the sake of simplicity only Pd part is depicted.

Scheme 222
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ARETHWSNHZ Cf R I LAY U 513 e T A7 I 7 )Lba—

NWEDAFNAFIXYL— R EGEED 2 ETRDICAKT D Z L BN TE 5H(Scheme 23)*,

on OH o 0o HO
O (0] H
NH
K( 2+ S Z toluene S—NH HNJ
R MeO OMe  reflux, Ar, 3 h R R
R = i'Pr, CHZPha
i~-Bu, t-Bu SOCl, el Q o ¢l
tOIUZ?eA?qO C S—NH HN
] R R
NaOH agq.
morNE . 3L
CH,Cl,, rt R h( WV R
Ar, 4h
>80%
Scheme 23

4-PLDPLEIC R DN EFFOE AL XY U RT Uy AR (LA T L -
7 1RV AERIED O IR ME T O HURE B 315 5 AU 2 (Scheme 24), Z Ol dih D X-RHE A A% & AT
A2 AT v 7R E L TRT(Figure 9), A x> U VERELIZZN TN FEEEZ & -
TEY XU EFIMUZ N TN D, fhdaRIEL P2,2:2)(#19) & LB e fbda R &~ L
TR, VA UMEEE UTHIT SN, (5,944 -E AL Y70 EN22-E4FH ) U
{b/8T 27 KGR G RO FE THREGE 23S HAV72 (Scheme 24), 5E1% & & [RIRRIZfRATRS SR %

F T 7R TR (Figure 10), A%V U UBRIIFNENLEEGEL L > TR, B

R CHCls, rt, Ny, 2 h

QO O
O O PdCl,(PhCN), ¢J:_)P—4\t)
R” 'N N CrPd\

Cl
5a : R = CH,Ph R = CH,Ph
5b:R=j-Pr R = j-Pr
>90%
Single crystal
Scheme 24 from CH2C|2 / CHC|3

67
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Orthorhombic

P2,2,2, (#19)

a=15.05(7)A R;=3.0%

b=26.48 (T)A R, =8.2%

c¢=10.39 (8)A Shift/error = 0.006
V=4140 (38)A3 Goodness of fit = 1.17

monoclinic

P2, (#4)

a=6.346 (2)A R;=2.6%

b=12.807 (3)A Ry=6.7%

¢ =10.221 (4) A Shift/error =0.000

V =806.8 (5)A3 Goodness of fit =1.03

Figure 10. (S,5)-4,4’-bisisopropyl-2,2’-bioxazoline-PdCl, complex.
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2. 5. EROE

2. 5. 1. Materials

(S5,5)-4,4’-bisbenzyl-2,2’-bioxazoline (5a), (R,R)-4,4’-bisphenyl-2,2’-bioxazoline (5e), L-valinol,
(S)-tert-leucinol, and (S)-(+)-leucinol were obtained from Aldrich. (R)-(-)-(1-Isocyanatoethyl)-
naphthalene (commercially available as isocyanic acid (R)-(-)-1-(1-naphtyl)ethyl ester), L-valinol,
and L-tert-leucinol were commercially available from TOKYO KASEI KOGYO, Co. Ltd. Note
that 5a and 5e are commercially available as 2,2’-bis[(4S5)-4-benzyl-2-oxazoline] and 2,2’-bis[(4R)-

4-phenyl-2-oxazoline].

2. 5.2 Chemistry

Synthesis of (R)-(+)-(Z)-4-Benzylidene-2-ethoxytetrahydrofuran ((R)-(+)-3a). Pd(OAc), (11.2
mg, 0.05 mmol), Cu(OAc),(9.1 mg, 0.05 mmol), catechol (11.0 mg, 0.1 mmol), and (S,5)-4,4’-bis-
benzyl-2,2’-bioxazoline (5a) (32.0 mg, 0.1 mmol) were dissolved in toluene (1.5 mL) in a 25 mL
side-armed round bottomed flask under O, (balloon), and the reaction mixture was stirred for 30
min at room temperature. Ethyl vinyl ether (288 mg, 4.0 mmol) was added to the flask, and a
solution of (£)-3-phenyl-2-propen-1-ol (134 mg, 1.0 mmol) in toluene (1.0 mL) was then added.
After the reaction mixture was stirred for 24 h at room temperature, the mixture was filtered
through Florisil column (10 mm x 80 mm, 3 g, EtOAc/n-hexane = 1/20), and the solvent was
evaporated under reduced pressure to give (R)-(+)-3a in nearly pure form. Purification by thin-layer
chromatography on silica gel (R, = 0.62, EtOAc/n-hexane = 1/20) gave (R)-(+)-3a in 71% isolated

yield (145 mg, 0.71 mmol) as a colorless oil. The enantiomer excess (40% ee) was determined by
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HPLC analysis with CHIRALCEL OB-H (i-PrOH/n-hexane = 1/19, 0.5 mL/min, 258 nm) (Figure
11). (R)-(+)-3a: bp (bulb-to-bulb): 105-108 °C (15 mmHg); FTIR (neat, cm™): 3053, 3025, 1739,
1598, 1184, 1095, 1032, 997 ; '"H NMR (400 MHz, CDCLy): & 1.21 (t, J = 7.2 Hz, 3H), 2.72 (dm, J
=16.4 Hz, 1H), 2.94 (ddddd, J = 16.4, 5.2, 2.4, 2.4, 2.4 Hz, 1H), 3.51 (dq, J = 9.6, 7.2 Hz, 1H),
3.77 (dq, J = 9.6, 7.2 Hz, 1H), 4.70 (ddd, J = 2.4, 2.4, 1.6 Hz, 1H), 5.23 (d, J = 4.4 Hz, 1H), 6.43
(brs, 1H), 7.13 (d, J= 7.6 Hz, 2H), 7.21 (t, J = 7.6 Hz, 1H), 7.34 (t, J = 7.6 Hz, 2H); "C NMR (101
MHz, CDCly): & 15.16, 41.17, 62.60, 67.88, 101.98, 121.58, 126.43, 127.82, 128.42, 137.41,
139.07 ; GCMS: m/e 204 (M"); HPLC: 40% ee (i-PrOH/n-hexane = 1/19); Anal. Calcd for

Ci3H60,5: C, 76.42; H, 7.89. Found: C, 76.32; H, 7.49.

"
o’ o
3a

oy
|

Figure 11. HPLC spectrum of a mixture of (R)- and (S)-3a (70:30).
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Synthesis of (R)-(Z)-4-Benzylidene-2-propyloxytetrahydrofuran ((R)-3i). This compound was
prepared from (E)-3-phenyl-2-propen-1-ol (134 mg, 1.0 mmol) and propyl vinyl ether (345 mg, 4
mmol) using a procedure similar to that employed for the preparation of (R)-(+)-3a. Consequently,
the compound (R)-3i is obtained 67% NMR vyield (146 mg, 0.67 mmol, terephthalaldehyde as an
internal standard). Purification by thin-layer chromatography on silica gel (R, = 0.49, EtOAc/n-
hexane = 1/20) gave (R)-3i in 63% yield (138 mg, 0.63 mmol) as a colorless oil. The enantiomer
excess (35% ee) was determined by HPLC analysis with CHIRALCEL OB-H (i-PrOH/n-hexane =
1/19, 0.5 mL/min, 258 nm). (R)-3i: bp (bulb-to-bulb): 112-115 °C (15 mmHg); FTIR (neat, cm™):
3328, 3055, 3026, 2962, 2931, 2875, 1946, 1734, 1667, 1598, 1492, 1449, 1423, 1345, 1303, 1263,
1182, 1096, 1006, 927, 841, 791, 752, 695, 611 ; '"H NMR (400 MHz, CDCl): § 0.91 (t, J = 7.2 Hz,
3H), 1.55-1.64 (m, 2H), 2.72 (dm, J = 16.4 Hz, 1H), 2.94 (ddddd, J = 16.4, 4.8, 2.8, 2.8, 2.8 Hz,
1H), 3.40 (dt, J = 9.6, 6.8 Hz, 1H), 3.66 (dt, J = 9.6, 6.8 Hz, 1H), 4.69 (ddd, J =24, 2.4, 1.6 Hz,
2H), 5.22 (d, J = 4.8 Hz, 1H), 6.43 (br s, 1H), 7.13 (d, J = 7.2 Hz, 2H), 7.21 (t, J = 7.2 Hz, 1H),
7.34 (t,J = 7.2 Hz, 2 H); "C NMR (101 MHz, CDCl;): § 10.61, 22.85, 41.09, 67.87, 68.93, 102.14,
121.53, 126.43, 127.81, 128.44, 137.40, 139.11 ; GCMS: m/e 218 (M"); HPLC: 35% ee (i-PrOH/

n-hexane = 1/19); HRMS (EI): Calcd for C4H;30,: 218.1307 (M+); Found: 218.1317.

Synthesis of (R)-(Z)-4-Benzylidene-2-butoxytetrahydrofuran ((R)-3b). This compound was
prepared from (£)-3-phenyl-2-propen-1-ol (134 mg, 1.0 mmol) and n-butyl vinyl ether (401 mg, 4.0
mmol) using a procedure similar to that employed for the preparation of (R)-(+)-3a. Consequently,
the compound (R)-3b is obtained 86% NMR vyield (161 mg, 0.86 mmol, terephthal- aldehyde as an
internal standard) in pure form as a colorless oil. The enantiomer excess (53% ee) was determined
by HPLC analysis with CHIRALCEL OB-H (i-PrOH/n-hexane = 1/19, 0.5 mL/min, 258 nm).

-3b: bp (bulb-to-bulb): - mmHg); neat, cm ): s s S s
(R)-3b: bp (bulb-to-bulb): 115-117 °C (15 mmHg); FTIR ( 1) 3026, 2930, 2870, 1599
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1492, 1449, 1423, 1345, 1180, 1097, 1038, 925, 840, 749, 695 ; 'H NMR (400 MHz, CDCL;): &
0.92 (t, J = 7.6 Hz, 3H), 1.32-1.41 (m, 2H), 1.54-1.60 (m, 2H), 2.72 (dm, J = 16.4 Hz, 1H), 2.93
(ddddd, J=16.4,5.2,2.8, 2.8, 2.8 Hz, 1H), 3.45 (dt, J = 9.6, 6.8 Hz, 1H), 3.72 (dt, J = 9.6, 6.8 Hz,
1H), 4.70 (ddd, J = 2.0, 2.0, 2.0 Hz, 2H), 5.22 (d, J = 5.2 Hz, 1H), 6.43 (br s, 1H), 7.14 (d, J=17.2
Hz, 2H), 7.21 (t, J = 7.2 Hz, 1H), 7.34 (t, J= 7.2 Hz, 2 H); °C NMR (101 MHz, CDCl;): & 13.83,
19.33, 31.70, 41.08, 67.02, 67.86, 102.15, 121.50, 126.41, 127.80, 128.42, 137.40, 139.14 ; GCMS:
m/e 232 (M"); HPLC: 53% ee (i-PrOH/n-hexane = 1/19); Anal. Calcd for C;sH,,0,: C, 77.55; H,

8.68. Found: C, 77.53; H, 8.62.

Synthesis of (R)-(Z)-4-Benzylidene-2-hexyloxytetrahydrofuran ((R)-3j). This compound was
prepared from (£)-3-phenyl-2-propen-1-o0l (134 mg, 1.0 mmol) and hexyl vinyl ether (1116 mg, 4
mmol) using a procedure similar to that employed for the preparation of (R)-(+)-3a. Consequently,
the compound (R)-3j is obtained 41% NMR yield (108 mg, 0.41 mmol, terephthalaldehyde as an
internal standard) in nearly pure form. Purification by thin-layer chromatography on silica gel (R, =
0.51, EtOAc/n-hexane = 1/20) gave (R)-3j in 36% yield (94 mg, 0.36 mmol) as a colorless oil. The
enantiomer excess (34% ee) was determined by HPLC analysis with CHIRALCEL OJ-H (i-PrOH/
n-hexane = 1/19, 2.0 mL/min, 288 nm). (R)-3j: bp (bulb-to-bulb): 120-122 °C (15 mmHg); FTIR
(neat, cm™): 3055, 3026, 2929, 2858, 1667, 1598, 1492, 1449, 1423, 1345, 1304, 1266, 1177, 1098,
1077, 1026, 925, 841, 749, 695, 612 ; 'H NMR (400 MHz, CDCls): & 0.87 (t, J = 7.2 Hz, 3H),
1.22-1.38 (m, 6H), 1.51-1.62 (m, 2H), 2.72 (dm, J = 16.2 Hz, 1H), 2.93 (ddddd, J = 16.2, 4.8, 2.4,
24,24 Hz, 1H), 3.43 (dt, J=9.6, 6.8 Hz, 1H), 3.70 (dt, /= 9.6, 6.8 Hz, 1H), 4.68 (ddd, J=2.0, 2.0,
2.0 Hz, 2H), 5.21 (d, J=4.8 Hz, 1H), 6.42 (br s, 1H), 7.13 (d, J = 7.2 Hz, 2H), 7.20 (t, /= 7.2 Hz,
1H), 7.33 (t, J = 7.2 Hz, 2 H); C NMR (101 MHz, CDCl;): & 14.03, 22.58, 25.82, 29.58, 31.61,

41.10, 67.37, 67.88, 102.15, 121.53, 126.43, 127.81, 128.43, 137.41, 139.12 ; GCMS: m/e 260
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(M"); HPLC: 34% ee (i-PrOH/n-hexane = 1/19); HRMS (EI): Caled for C;;H,405: 260.1776 (M),

Found: 260.1761.

Synthesis of (R)-(Z)-4-Benzylidene-2-octyloxytetrahydrofuran ((R)-3k). This compound was
prepared from (£)-3-phenyl-2-propen-1-o0l (134 mg, 1.0 mmol) and octyl vinyl ether (625 mg, 4
mmol) using a procedure similar to that employed for the preparation of (R)-(+)-3a. Consequently,
the compound (R)-3k is obtained 69% NMR yield (198 mg, 0.69 mmol, terephthalaldehyde as an
internal standard) in nearly pure form. Purification by thin-layer chromatography on silica gel (R, =
0.66, EtOAc/n-hexane = 1/20) gave (R)-3k in 56% yield (162 mg, 0.56 mmol) as a colorless oil.
The enantiomer excess (47% ee) was determined by HPLC analysis with CHIRALCEL OJ-H
(i-PrOH/n-hexane = 1/49, 2.0 mL/min 258 nm). (R)-3k: bp (bulb-to-bulb): 125-126 °C (15 mmHg);
FTIR (neat, cm™): 3055, 3026, 2926, 2855, 1716, 1667, 1599, 1492, 1449, 1423, 1345, 1304, 1218,
1176, 1098, 1076, 1030, 927, 841, 749, 723, 695, 612; "H NMR (400 MHz, CDCl;): 8 0.87 (t, J =
6.8 Hz, 3H), 1.18-1.36 (m, 10H), 1.56 (qu, J = 6.8 Hz, 2H), 2.71 (dm, J = 16.4 Hz, 1H), 2.93
(ddddd, J=16.4,5.2,2.4,2.4,2.4 Hz, 1H), 3.43 (dt, /= 9.6, 6.8 Hz, 1H), 3.69 (dt, /= 9.6, 6.8 Hz,
1H), 4.68 (ddd, J = 2.0, 2.0, 2.0 Hz, 2H), 5.21 (dd, /= 5.2, 0.8 Hz, 1H), 6.42 (br s, 1H), 7.13 (d, J =
7.2 Hz, 2H), 7.20 (t, J = 7.2 Hz, 1H), 7.33 (t, J = 7.2 Hz, 2H); °C NMR (101 MHz, CDCl;): &
14.05, 22.61, 26.15, 29.22, 29.35, 29.62, 31.79, 41.09, 67.35, 67.86, 102.15, 121.52, 126.41, 127.80,
128.42, 137.41, 139.15 ; GCMS: m/e 289 (M"); HPLC: 47% ee (i-PrOH/n- hexane = 1/49); HRMS

(EI): Calcd for C1oHas0,: 288.2089 (M"), Found: 288.2073.

Synthesis of (R)-(Z)-4-Benzylidene-2-benzyloxytetrahydrofuran ((R)-31). This compound was
prepared from (£)-3-phenyl-2-propen-1-ol (134 mg, 1.0 mmol) and benzyl vinyl ether (928 mg, 4

mmol) using a procedure similar to that employed for the preparation of (R)-(+)-3a. Consequently,
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the compound (R)-31 is obtained 60% NMR yield (160 mg, 0.60 mmol, terephthalaldehyde as an
internal standard) in nearly pure form. Purification by thin-layer chromatography on silica gel (R, =
0.4, EtOAc/n-hexane = 1/20) gave (R)-31 in 55% yield (146 mg, 0.55 mmol) as a white solid. The
enantiomer exess (46% ee) was determined by HPLC analysis with CHIRALCEL OJ-H
(i-PrOH/n-Hexane = 1/19, 2.0 mL/min, 258 nm). (R)-31: mp: 54-55 °C; FTIR (KBr, cm™): 3049,
2914, 2864, 1596, 1492, 1448, 1421, 1364, 1258, 1200, 1167, 1076, 1038, 1009, 993, 969, 925, 874,
834, 787, 756, 737, 696, 604, 541, 517, 450 ; '"H NMR (400 MHz, CDCls): § 2.79 (dm, J = 16.4,
1H), 2.96 (ddddd, J = 16.4, 4.8, 2.4, 2.4, 2.4 Hz, 1H), 4.54 (d, /= 12.0 Hz, 1H), 4.73 (ddd, J = 2.0,
2.0, 2.0 Hz, 2H), 4.76 (d, J = 12.0 Hz, 1H), 5.31 (d, /= 4.8 Hz, 1H), 6.43 (s, 1H), 7.13 (d, J=7.5
Hz, 2H), 7.21 (t, J = 7.5 Hz, 1H), 7.26-7.36 (m, 5H), 7.33 (t, J= 7.5 Hz, 2 H); "C NMR (101 MHz,
CDCls): 6 41.06, 68.08, 68.69, 101.34, 121.69, 126.48, 127.58, 127.81, 127.92, 128.37, 128.44,
137.33, 137.94, 138.81 ; GCMS: m/e 266 (M"); HPLC: 46% ee (i-PrOH/n-Hexane = 1/19); HRMS

(EI): Caled for C gH 50,: 266.1307 (M), Found: 266.1288.

Synthesis of (S,5)-4,4’-Bisisopropyl-2,2°-bioxazoline (5b). Preparation of bioxazolines 5 was
made on the basis of the procedure reported by New J. Chem. 2001, 25, 1371-1373. Alternative

nomenclature of this compound is (S,5)-4,4’-bis(isopropyl)-4,4°,5,5’-tetrahydro-2,2’-bioxazole.

Dimethyl oxalate (354 mg, 3.0 mmol) were added into a solution of L-valinol (619 mg, 6.0
mmol) in toluene (20 mL) under Ar (balloon). The resulting solution was refluxed for 5 h. After
cooling to room temperature, freshly distilled thionyl chloride (2.0 mL, 22.5 mmol) was added.
After the reaction mixture was refluxed for 3 h, and cooled to room temperature, thionyl chloride
was removed by distillation, and the last traces of thionyl chloride were removed by azeotropic

distillation using benzene. The resulting N,N’-bis[(S)-isopropyl-2-chloroethyl]Joxamide (865 mg,
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0.97 mmol by NMR) as colorless material was subjected, without purification, into the following
treatment. To a solution of tetrabutylammonium bromide (96.7 mg, 0.3 mmol) in dichloromethane
(10 mL) was added sodium hydroxide (200 mg, 5.0 mmol) dissolved in the minimum volume of
water. The resulting solution was vigorously stirred for 30 min, and the bischlorodiamide prepared
above (297 mg, 1.0 mmol) was added in small protions over a periond of 30 min with constant
stirring. After addition of the bischlorooxamide was complete, the reaction mixture was further
stirred at room temperature for 4.5 h. Then, the reaction mixture was diluted by adding 80 mL of
water and extracted with CH,Cl, (5 x 20 mL). The CH,Cl, extract was dehydrated by adding
anhydrous magnesium sulfate and the solvent was removed completely. The nearly pure product 5b
was obtained in 99% isolated yield (222 mg, 0.99 mmol). 5b: "H NMR (400 MHz, CDCl;): & 0.93
(d, J=6.7 Hz, 6H), 1.03 (d, /= 6.9 Hz, 6H), 1.36 (dqq, /= 6.9, 6.7, 6.6 Hz, 2H), 4.06-4.17 (m, 4H),

4.39-4.50 (m, 2H).

Synthesis of (S.,5)-4,4’-Bisisobutyl-2,2’-bioxazoline (5c). According to the procedure described
above, N,N’-bis[(S)-isopropyl-2-chloroethylJoxamide was first prepared by using dimethyl oxalate
(177 mg, 1.5 mmol), (S)-(+)-leucinol (352 mg, 3.0 mmol), and thionyl chloride (1.0 mL, 11.3
mmol). The resulting bischlorodiamide (325 mg, 1.0 mmol) was converted into S¢ in 98% yield
(247 mg, 0.98 mmol) by the procedure described above. 5¢: 'H NMR (400 MHz, CDCl5): & 0.93 (d,
J=6.6 Hz, 6H), 0.96 (d, J= 6.5 Hz, 6H), 1.35 (dt, J=13.5, 7.3 Hz, 2H), 1.69 (dt, /= 13.5, 7.3 Hz,
2H), 1.84 (tqq, J = 7.3, 6.6, 6.5 Hz, 2H), 4.00 (dd, J = 8.5, 8.2 Hz, 2H), 4.34 (ddt, /= 9.6, 8.5, 7.3

Hz, 2H), 4.52 (dd, J = 9.6, 8.2 Hz, 2H).

Synthesis of (S,5)-4,4’-Bis-tert-butyl-2,2’-bioxazoline (5d). According to the procedure described

above, N,N’-bis[(S)-tert-butyl-2-chloroethyl]Joxamide was first prepared by using dimethyl oxalate
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(177 mg, 1.5 mmol), (S)-tert-leucinol (352 mg, 3.0 mmol), and thionyl chloride (1.0 mL, 11.3
mmol). The resulting bischlorodiamide (325 mg, 1.0 mmol) was converted into 5d in 40% yield
(101 mg, 0.40 mmol) by the procedure described above. 5d: '"H NMR (400 MHz, CDCl;): &
0.89-1.10 (m, 18H), 4.08 (dd, J=10.4, 8.9 Hz, 2H), 4.23 (t, /= 8.9 Hz, 2H), 4.37 (dd, /= 10.4, 8.9

Hz, 2H).

Synthesis of (R)-(Z)-4-(4-Nitrobenzylidene)-2-ethoxytetrahydrofuran ((R)-3¢). Pd(OAc), (22.5
mg, 0.10 mmol), Cu(OAc),(18.2 mg, 0.10 mmol), catechol (22.0 mg, 0.20 mmol), and (S,S)-4,4’-
bisbenzyl-2,2’-bioxazoline (5a) (64.0 mg, 0.20 mmol) were dissolved in toluene (4.0 mL) in a 25
mL side-armed round bottomed flask under O, (balloon), and the mixture was stirred for 30 min at
room temperature. Ethyl vinyl ether (577 mg, 8.0 mmol) was added to the flask, and a solution of
(E)-3-(4-nitrophenyl)-2-propen-1-ol (358 mg, 2.0 mmol) in toluene (1.0 mL) was then added. After
the reaction mixture was stirred for 24 h at room temperature, the mixture was filtered through
Florisil column (15 mm x 60 mm, 5 g, EtOAc). Evaporation of the solvent under reduced pressure
gave (R)-3c¢ in solid state. The pure product 3¢ was obtained by column chromatography (100-200
mesh silica gel, EtOAc/n-hexane = 1/4) in 74% yield (367 mg, 0.74 mmol) as a brown solid. The
enantiomer exess (34% ee) was determined by HPLC analysis with CHIRALCEL OJ-H
(i-PrOH/n-Hexane = 1/9, 2.0 mL/min, 258 nm) (Figure 12). (R)-3¢c: mp: 75-76 °C; FTIR (nujol,
em™): 2927, 1652, 1592, 1513, 1099, 1049, 996 ; 'H NMR (400 MHz, CDCL3): & 1.21 (t, J = 7.2 Hz,
3H), 2.77 (d, J = 16.8 Hz, 1H), 2.98 (ddddd, J =16.9, 5.2, 2.4, 2.4, 2.4 Hz, 1H), 3.52 (dq, J=9.7,
7.2 Hz, 1H), 3.78 (dq, J=9.7, 7.2 Hz, 1H), 4.71 (ddd, J=2.4, 2.4, 1.6 Hz, 2H), 5.26 (d, /= 5.2 Hz,
1H), 6.51 (br s, 1H), 7.20 (d, J = 8.9 Hz, 2H), 8.19 (d, J = 8.9 Hz, 2H); "C NMR (101 MHz,
CDCls,): 6 15.12, 41.64, 62.82, 67.81, 101.88, 120.01, 123.89, 128.24, 143.43, 143.68, 144.97 ;

GCMS: m/e 249 (M+); HPLC: 34% ee (i-PrOH/n-Hexane = 1/9); Anal. Calcd for C3H;sNO,: C,
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62.64; H, 6.07; N, 5.62. Found: C, 62.38; H, 6.05; N, 5.50.

4-N02-06H4/\T>\
o 0T

3c

LB

Figure 12. HPLC spectrum of a mixture of (R)- and (5)-3c¢ (72:38).

Synthesis of (Z)-4-(4-Aminobenzylidene)-2-ethoxytetrahydrofuran (3m). 3¢ (125 mg, 0.5
mmol), FeCl; (40.6 mg, 0.25 mmol), and active-C (284 mg, 7 eq. per FeCl;) were dissolved in THF
(2.5 mL) and EtOH (2.5 mL) in a 25 mL side-armed round bottomed flask. Hydrazine monohydrate
(0.1 mL, 2 mmol) was added to the mixture at 70 °C with stirring. After stirring for 2 h at 70 °C, the
reaction mixture was filtered through filter paper, and the solvent was evaporated under reduced
pressure. The resulting mixture was diluted by adding ethyl acetate (30 mL), washed with water (2
x 20 mL) and brine (30 mL), and dried (MgSO,). Removal of the solvent gave pure 3m in 62%

NMR vyield (68.2 mg, 0.62 mmol, terephthalaldehyde as an internal standard) as a brown solid. 3m:

77



mp: 44-45 °C; FTIR (KBr, cm’'): 3449, 3356, 3218, 2979, 2933, 1627, 1606, 1516, 1459, 1422,
1374, 1348, 1291, 1182, 1114, 1091, 1052, 1035, 995, 912, 865, 851, 570, 528, 419 ; 'H NMR (400
MHz, CDCLy): § 1.20 (t, J= 7.2 Hz, 3H), 2.67 (dm, J = 16.4 Hz, 1H), 2.90 (ddddd, J = 16.0, 5.2, 2.4,
2.4, 2.4 Hz, 1H), 3.50 (dq, J = 9.6, 7.2 Hz, 1H), 3.76 (dq, J = 9.6, 7.2 Hz, 1H), 4.64-4.66 (m, 2H),
5.21 (d, J=4.4 Hz, 1H), 6.31 (br s, 1H), 6.65 (dm, J = 8.4 Hz, 2H), 6.94 (dm, J = 8.4 Hz, 2H); *C
NMR (101 MHz, CDCls,): § 15.20, 41.02, 62.55, 68.01, 102.02, 115.02, 121.30, 128.28, 129.01,

135.01, 144.88 ; HRMS (EI): Caled for M"-C,H;sO (C3H;,NO,): 174.0913, Found: 174.0900.

Synthesis of (Z)-4-(4-N-(R)-(1-Naphthylethyl)ureylene)benzylidene-2-ethoxytetrahydrofuran
(7). The amine 3m (50 mg, 0.23 mmol) was dissolved in THF (0.9 mL) in a 25 mL side-armed
round bottomed flask, and the reaction mixture was stirred at room temperature. Isocyanic acid
(R)-(-)-(1-isocyanatoethyl)-naphthalene (6) (0.04 mL, 0.23 mmol) was added to the flask, and the
reaction mixture was stirred for 21 h at room temperature. N,N’-dimethyl-1,3-propanediamine (0.01
mL, 0.08 mmol) was then added to the flask, and the mixture was stirred for 30 min. After the
reaction mixture was evaporated under reduced pressure, the resulting mixture was diluted by
adding 30 mL of chloroform, washed with 3% citric acid (2 x 20 mL) and brine (30 mL), and dried
(MgS0,). Removal of the solvent gave a mixture of (R,2R)- and (R,2S5)-7 in 72% NMR yield (0.72
mmol, terephthalaldehyde as an internal standard). Further purification was made by column
chromatography on silica gel (ethyl acetate/n-hexane = 1/1) to give a mixture of (R,2R)- and
(R,25)-7 in 66% yield (56.3 mg, 0.66 mmol) as powder. The diastereomer excess was determined
by HPLC analysis with CHIRALCEL OJ-H (i-PrOH/n-Hexane = 1/9, 3.0 mL/min, 300 nm) to be
30% de (65/35). A mixture of (R,2R)- and (R,2S5)-7: FTIR (KBr, crn'l): 3735, 3324, 3048, 2974,
2926, 2369, 1637, 1588, 1545, 1454, 1415, 1373, 1341, 1316, 1231, 1184, 1097, 1051, 1031, 998,

926, 780, 655, 614, 527, 444 ; "H NMR (400 MHz, CDCLy): & 1.19 (t, J = 7.2 Hz, 3.9H), 1.20 (t, J =
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7.2 Hz, 2.1H), 1.71 (d, J = 6.8 Hz, 6H), 2.66 (dm, J=16.4 Hz, 0.7 H), 2.68 (dm, J = 16.4 Hz, 1.3H),
291 (dm, J=16.4 Hz, 2H), 3.45 (dq, J = 9.6, 7.2 Hz, 2H), 3.76 (dq, J = 9.6, 7.2 Hz, 2H), 4.60-4.68
(m, 4H), 4.87 (d, J = 7.2 Hz, 2H), 5.21 (d, J = 5.2Hz, 0.7H), 5.22 (d, J = 5.2 Hz, 1.3H), 5.76-5.86
(m, 2H), 6.08 (s, 2H), 6.35 (br s, 2H), 7.02 (dm, J = 8.8 Hz, 2H), 7.19 (dm, J = 8.4 Hz, 2H),
7.44-7.61 (m, 4H), 7.82 (d, J = 8.4 Hz, 1H), 7.89 (dm, J = 7.6 Hz, 1H), 8.19 (d, J = 8 Hz, 1H); °C
NMR (101 MHz, CDCl3,): 6 15.15, 21.70, 35.75, 41.08, 41.11, 46.00, 62.63, 67.88, 101.96, 106.12,
120.44, 120.48, 120.90, 122.50, 123.24, 125.27, 125.86, 126.60, 128.34, 128.64, 128.84, 130.86,
132.99, 133.95, 136.68, 137.93, 138.57, 154.50 ; HPLC: 30% ee (i-PrOH/n-Hexane = 1/9); HRMS
(EI): Caled for CyHygN,O5: 416.2100(M"), Found: 416.2107 ; When the resulting powder was
treated with ethyl acetate, yellow-orange material was dissolved into ethyl acetate solution. The
remaining was white powder. A portion of the white powder (10.3 mg) was dissolved into
1,2-dimethoxyethane in a sample-tube. The tube was placed in a bottle containing diisopropyl ether
for overnight at refrigerator, and then stood at room temperature. As the result, colorless single
crystals (mp: 189-192 °C) were obtained, which was found to be (R,2S5)-7 by X-ray analysis.
(R,2S)-7: mp: 189-192 °C; 'H NMR (400 MHz, CDCl;): § 1.19 (t, J= 7.2 Hz, 3H), 1.70 (d, J = 7.2
Hz, 3H), 2.68 (dm, J = 16.8 Hz, 1H), 2.90 (dm, J = 16.8 Hz, 1H), 3.49 (dq, J = 9.6, 7.2 Hz, 1H),
3.76 (dq, J = 10.0, 7.2 Hz, 1H), 4.62-4.65 (m, 2H), 4.86 (d, J = 7.6 Hz, 1H), 5.21 (d, J = 4.8 Hz,
1H), 5.76-5.84 (m, 1H), 6.07 (s, 1H), 6.34 (br s, 1H), 7.01 (dm, J = 8.4 Hz, 2H), 7.18 (dm, J = 8.8
Hz, 2H), 7.44-7.59 (m, 4H), 7.81 (d, /= 8.0 Hz, 1H), 7.88 (d, J = 8.4 Hz, 1H), 8.19 (d, J = 8.8 Hz,

1H).
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Isolation of PdCl,-(S,S)-5a Complex from a Catalyst Solution.

Pd(OAc), (67.4 mg, 0.3 mmol), Cu(OAc), (54.5 mg, 0.3 mmol), catechol (4a) (33.0 mg, 0.3
mmol), and (S,5)-4,4’-bisbenzyl-2,2’-bioxazoline (5a) (96.1 mg, 0.3 mmol) were dissolved in
toluene (9.0 mL) in a 25 mL side-armed round bottomed flask under O, (balloon), and the reaction
mixture was stirred for 1 h at room temperature. The solution was diluted with CH,Cl, and washed
with saturated NaCl solution (50 mL). The organic layer was collected, dried over MS3A powder,
filtered, and concentrated under reduced pressure. The resulting black powder was dissolved into a
least amount of CH,Cl,. The solution was passed through Florisil column (10 mm X 40 mm, 1.5 g,
CH,Cl,), and evaporation of the solvent gave PdCl,~(S,S)-5a complex as nearly pure form in 74%
NMR yield (terephthalaldehyde as an internal standard) (109.8 mg, 0.74 mmol) as a brown solid.
PdCl,~(S,S)-5a: mp: 257-258 °C; 'H NMR (400 MHz, CDCls): & 3.01 (dm, J = 13.6 Hz, 2H), 3.62
(dm, J = 13.6 Hz, 2H), 4.69-4.82 (m, 6H), 7.24-7.40 (m, 10H); *C NMR (101 MHz, CDCl): § 29.7,
394, 64.1, 127.5, 129.0, 129.7, 134.5, 159.8 ; Anal. Calcd for C,0H,N,O,PdCl,: C, 48.26; H, 4.05;

N, 5.62. Found: C, 48.58; H, 4.08; N, 5.66. In the absence of catechol, the same complex was

obtained only in 31% NMR yield.

Survey for the Catalyst Combination in Asymmetric Coupling of Cinnamyl Alcohol (1a) and

Ethyl Vinyl Ether (2a).

As described in the text, we used a combination of Pd/Cu/4a/5a = 1/1/2/2 as a standard condition,
because of the following reasons. Under the condition using a combination of Pd/Cu/4a/5a =
1/1/1/1, the yield of 3a was decreased to 59% (38% ee) (entry 2, Table 27), probably because a part

of 4a or 5a is decomposed under the oxidative reaction conditions. Thus, slightly excess amounts of
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5a and/or 4a would be a better combination of the catalyst. The use of 2 equiv of 4a per Pd
(Pd/Cu/4a/5a = 1/1/2/1) slightly reduced the product yield and %ee (entry 3). The use of 2 equiv of
5a per Pd (Pd/Cu/4a/5a = 1/1/1/2) (entry 4) afforded nearly identical results with those in entry 1,
but reproducibility was poor. Therefore, because of reliable reproducibility, we used 2 equiv of 4a
and 5a per Pd as the standard condition (Pd/Cu/4a/5a = 1/1/2/2). When the amount of 4a was
increased up to 5 fold excess per Pd, substantially no effect was observed (entry 5). Increasing the
amount of 5a to 4 equiv per Pd made the reaction sluggish (3a: 56% yield after 72 h) (entry 6). In
the absence of catechol, decreasing the amount of 5a (1 equiv per Pd) significantly decreased the ee
(26% ee) (entry 7) as well as the product yield (21%). In the absence of catechol, excess use of 5a
gave no effect on %ee, but 3a was formed only in 18% yield. Increasing the amount of Pd(OAc), or

Cu(OAc), gave no improvement on the yield and %ee (entries 9 and 10).

Table 27. Survey for the Catalyst Combination in Asymmetric Coupling of
Cinnamyl Alcohol (1a) and Ethyl Vinyl Ether (2a)?

Pd(OAc), Cu(OAc), 4a  (S,9)-5a 3a
entry (mol%)  (mol%) (mol%) (mol%) yield (%)° ee (%)

1 5 5 10 10 71 40
2 5 5 5 5 59 38
3 5 5 10 5 654 37
4 5 5 5 10 70 41
5 5 5 25 10 68 41
6° 5 5 10 20 564 39
7 5 5 - 5 21 26
8 5 5 - 20 18 38
9 10 5 10 10 74 38

10 5 10 10 10 40 42

2 1a (1 mmol), 2a (4 mmol), toluene (2.5 mL), O, (1 atm), rt, 24 h. ® Isolated
yield. ¢ Measured by chiral HPLC. ¢ NMR yield. ©Reaction time is 72 h.
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Solvent Effect in Asymmetric Coupling of Cinnamyl Alcohol (1a) and Ethyl Vinyl Ether (2a).

The results using several solvents are given in Table 28. Similarly to acetonitrile, no good results
for ee were obtained with O-atom containing solvents such as THF and dimethoxyethane which
could coordinate to Pd(II). Solvents of lower dielectric constant (¢ < 7.39), such as toluene and

benzene, appear to afford relatively higher ee.

Table 28. Solvent Effect on Pd(II)-Catalyzed Enantioselective Coupling of
Cinnamyl Alcohol (1a) and Ethyl Vinyl Ether (2a)?

Pd(OAc),, Cu(OAc),

catechol (4a), (S,S)-5a pp™ X H
Ph" X" 0H + Z OEt :

1a 2a 0O, (1 atm), solvent 0~ “OEt
(R)-(+)-3a
entry solvent yield (%)® ee (%) dielectric constant
1 benzene 41 41 2.28
2 toluene 71 40 2.38
3 chlorobenzene 78 34 5.62
4 THF 10 33 7.39
5 methylene chloride 82 25 9.08
6 1,2-dichloroethane 76 23 10.7
7 acetonitrile 56 9 37.5

2 1a (1 mmol), 2a (4 mmol), Pd(OAc), (5 mol%), Cu(OAc), (5 mol%),
catechol (4a) (10 mol%), (S,5)-5a (10 mol%), 2.5 mL of solvent, rt, 24 h.
" NMR yield. ¢ Measured by chiral HPLC.
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Reaction of Cinnamyl Alcohol (1a) and Ethyl Vinyl Ether (2a) with Pd(TFA), Catalyst.

Pd(TFA), (16.6 mg, 0.05 mmol), Cu(OAc), (9.1 mg, 0.05 mmol), and catechol (11.0 mg, 0.1
mmol) were dissolved in MeCN (0.5 mL) in a 25 mL side-armed round bottomed flask under O,
(balloon), and the mixture was stirred for 30 min at room temperature. Ethyl vinyl ether (2a) (288
mg, 4.0 mmol) was added to the flask, and a solution of (£)-3-phenyl-2-propen-1-ol (1a) (134 mg,
1.0 mmol) in MeCN (0.5 mL) was then added. After the reaction mixture was stirred for 3 h at
room temperature, filtration through Florisil column (10 mm % 80 mm, 3 g, EtOAc/n-hexane =
1/20) and evaporation of the solvent under reduced pressure gave 3a, 11, and 12 in 6, 7, and 14%
NMR vyield (terephthalaldehyde as an internal standard), respectively. Thin-layer chromatography
on silica gel (EtOAc/n-hexane = 1/4) afforded pure 12 as a colorless oil; however, two products 11
and 3a could not be separated. Thus, the pure product 11 was obtained by acid-catalyzed addition of

cinnamyl alcohol (1a) to ethyl vinyl ether (2a). The detail was described below.

Ph "0
12

12:

bp (buble-to-buble): 70-73 °C (15 mmHg).

"H NMR (400 MHz, CDCLy): § 4.07 (dd, J = 6.8, 2.0 Hz, 1H), 4.28 (dd, J = 14.4, 2.4 Hz, 1H), 4.41
(dd, J=6.0, 1.6 Hz, 2H), 6.32 (dt, J = 15.6, 6.0 Hz, 1H), 6.52 (dd, J = 14.4, 6.8 Hz, 1H), 6.66 (dm,
J=16.0 Hz, 1H), 7.25 (t,J= 7.5 Hz, 1H), 7.33 (t,J = 7.5 Hz, 2H), 7.39 (d, /= 7.5 Hz, 2H).

C NMR (101 MHz, CDCLy): § 68.8, 87.3, 94.4, 124.3, 126.5, 127.9, 128.6, 133.0, 136.4, 151.4.

FTIR (neat, cm™): 3470, 3028, 2927, 1952, 1727, 1616, 1496, 1451, 1373, 1319, 1196, 1054, 967,

826, 745, 694, 666.
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GCMS: m/e 160 (M").

HRMS (EI): Calcd for C;;H;,0: 160.0888 (M "), Found: 160.0875.

Synthesis of Addition Product 11.

Ph/\/\OJ\OEt
1

Trifluoroacetic acid (4 pL, 0.05 mmol) was dissolved in 1,2-dichloroethane (1.0 mL) in a 25 mL
side-armed round bottomed flask and the mixture was stirred for 30 min at room temperature. Ethyl
vinyl ether (2a) (288 mg, 4.0 mmol) was added to the flask, and a solution of (£)-3-phenyl-2-
propen-1-ol (1a) (134 mg, 1.0 mmol) in 1,2-dichloroethane (1.5 mL) was then added. After stirring
for 5 h at room temperature, diethyl ether was added. Evaporation of solvents gave oily material
which contained 11 in 56% NMR yield (116 mg, 0.56 mmol, terephthalaldehyde as an internal
standard). Thin-layer chromatography on silica gel (EtOAc/n-hexane = 1/20) gave pure 11 in 38%
isolated yield (79.2 mg, 0.38 mmol) as a colorless oil. 11: bp (buble-to-buble): 103-105 °C (15
mmHg); FTIR (neat, cm™): 3447, 3027, 2979, 2898, 1949, 1704, 1680, 1599, 1577, 1496, 1449,
1379, 1341, 1131, 966, 879, 842, 744, 693, 666 ; "H NMR (400 MHz, CDCl;): & 1.23 (t,J= 7.2 Hz,
3H), 1.37 (d, J = 5.6 Hz, 3H), 3.53 (dq, J=9.2, 7.2 Hz, 1H), 3.68 (dq, J = 9.2, 7.2 Hz, 1H), 4.17
(ddd, J=12.8, 6.0, 1.6 Hz, 1H), 4.28 (ddd, J=12.8, 6.0, 1.6 Hz, 1H), 4.81 (q, /=5.2 Hz, 1H), 6.30
(dt,J=16.0, 6.0 Hz, 1H), 6.62 (d, J=16.0 Hz, 1H), 7.23 (t,J = 7.2 Hz, 1H), 7.31 (t, /= 7.2 Hz, 2H),
7.38 (d, J= 7.2 Hz, 2H); "C NMR (101 MHz, CDCL;): & 15.3, 19.9, 60.6, 65.7, 99.1, 126.1, 126.4,

127.6, 128.5, 132.0, 136.8 ; HRMS (EI): Calcd for C;3H;30,: 206.1307 (M"), Found: 206.1291.
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Effect of Base on the Product Distribution in Non-asymmetric Reaction of Cinnamyl Alcohol

(1a) and Ethyl Vinyl Ether (2a) Using PdCl, Catalyst.

The reaction of cinnamyl alcohol (1a) (1 mmol) and ethyl vinyl ether (2a) (4 mmol) was
performed by using PdCl, (5 mol%), Cu(OAc), (5 mol%), and catechol (4a) (10 mol%) in the
presence or absence of NEt; (10 mol%) in MeCN (1 mL) at room temperature for 3 h. The results
are given in Table 29. The presence of NEt; in PdCl,-Cu(OAc), catalyst affords only 3a in 47%

yield (entry 3).

Table 29. Effect of Anionic Ligands of Pd(IT) and Cu(II) on Product Distributions?

- - +HX
Ph/\/\OJ\OEt
Ph -PdX,
PAX,| J _Pdx "
1a + 2a —— J: 3a
-HX o Okt -HPdX
16 PR X" 0T
-XPdOEt 12
yield (%)°
entry Pd(I) Cu(ID) base 11 12 3a
1 PdCl, Cu(OAc), - 5114 6
2 Pd(OAc), CuCl, _ 34 21 10
3 PdCl, Cu(OAc), NEt; - - 47
4  Pd(OAc), CuCl, NEt; 3 218

2 1a (1 mmol), 2a (4 mmol), Pd(IT) (5 mol%), Cu(Il) (5
mol%), catechol (4a) (10 mol%), NEt; (10 mol%),
MeCN (1.0 mL), rt, 3 h. ® NMR yield.
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Determination of Absolute Configuration of 7.

One of diastereomers of urea 7 was assigned as (R,2S) configuration by X-ray analysis, (see
below). From the nmr spectrum of a mixture of (R,25)- and (R,2R)-7, the signals of (R,25)-7 were
assigned by the following observations. Figure 13(A) shows the CH; signals (triplet, J = 7.2 Hz) of
2-OCH,CH3; group in a 67:33 mixture of two diastereomer 7. Figure 13(B) shows a change of these
signals upon addition of a small amount of (R,2S5)-7 used for X-ray analysis into the sample shown
in Figure 13(A). Calculations of each peak areas in Figure 13(B) indicated that this treatment
increased the peak areas corresponding to the minor peaks. Thus, the minor peaks can be assigned
as those of (R,25)-7. Addition of a small amount of (R,2S)-7 into a 67:33 mixture of two
diastereomer 7 (Figure 13(A)) moved the major peaks to lower shift, approaching the peaks
corresponding to those of a 50:50 mixture of two diastereomers. HPLC analysis also showed that
the minor peak is assigned as (R,25)-7 by adding a small amount of (R,2S5)-7 into a 67:33 mixture of

two diastercomers 7 (data not shown).
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(R,25)-7 (R2R)-7

©

Figure 13. '"H NMR signals of CH; group (triplet, J = 7.2 Hz) in 2-OCH,CH; moiety in a mixture
of (R,2S5)- and (R,2R)-7. (A) 67:33 mixture of (R,25)- and (R,2R)-7. (B) CHj; signals observed after

addition of a small ampunt of (R,25)-7. (C) 50:50 mixture of (R,2S5)- and (R,2R)-7.

Synthesis of Vinyl Ethers. A representative procedure was given for the synthesis of octyl vinyl
ethers. To a solution of [IrCl(cod)], (33.6 mg, 0.05 mmol) and Na,CO; (318 mg, 3 mmol) in toluene
(10 mL) were added 1-octanol (651 mg, 5 mmol) and vinyl acetate (861 mg, 10 mmol) under Ar.

The reaction mixture was stirred for 2 h at 100°C. Diethyl ether (1 mL) was them added into the
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mixture. Filtration through SiO, column (15 mm % 80 mm, 7 g, n-hexane) followed by evaporation
of the solvent under reduced pressure gave octyl vinyl ether in 71% NMR yield (558 mg, 3.58
mmol, terephthalaldehyde as an internal standard). Purification was made by Kugelrohr distillation

(547 mg, 70%).

Hexyl vinyl ether (2e). NMR vyield: 51% (terephthalaldehyde as an internal standard); 'H NMR
(400 MHz, CDCl;): 6 0.90 (t, J= 7.2 Hz, 3H), 1.25-1.41 (m, 6H), 1.62-1.69 (m, 2H), 3.67 (t,J=6.8
Hz, 2H), 3.97 (dd, J = 6.8, 1.6 Hz, 1H), 4.17 (dd, J = 14.0, 1.6 Hz, 1H), 6.47 (dd, J = 14.0, 6.4 Hz,
1H); C NMR (101 MHz, CDCly): § 14.02, 22.58, 25.68, 29.02, 31.57, 68.11, 86.14, 151.98 ;

GCMS: m/e 123 (M").

Octyl vinyl ether (2f). NMR yield: 71% (terephthalaldehyde as an internal standard); 'H NMR
(400 MHz, CDCl;): 6 0.88 (t, J = 6.8 Hz, 3H), 1.22-1.43 (m, 10H), 1.62-1.69 (m, 2H), 3.67 (t, J =
6.8 Hz, 2H), 3.97 (dd, J = 6.8, 1.6 Hz, 1H), 4.17 (dd, J = 14.0, 1.6 Hz, 1H), 6.47 (dd, J = 14.4, 6.8
Hz, 1H); "C NMR (101 MHz, CDCl;): § 14.09, 22.65, 26.00, 29.06, 29.22, 29.33, 31.79, 68.12,

86.14, 151.98 ; GCMS: m/e 156 (M").

Benzyl vinyl ether (2g). NMR yield: 73% (terephthalaldehyde as an internal standard); 'H NMR
(400 MHz, CDCl;): 6 4.09 (dd, J = 7.2, 2.4 Hz, 1H), 4.31 (dd, J = 14.0, 2.4 Hz, 1H), 4.77 (s, 2H),
6.57 (dd, J = 14.4, 7.6 Hz, 1H), 7.13-7.40 (m, 5H); °C NMR (101 MHz, CDCl;): & 70.05, 87.32,

127.55,127.91, 128.50, 136.82, 151.63 ; GCMS: m/e 134 (M").
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X-Ray Structure Analysis of 7.

All measurements were made on a Rigaku RAXIS RAPID imaging plate area detector with
graphite monochromated Cu-Ka radiation (A = 6.741 cm™) at -180 °C. Indexing was performed
from 3 oscillations that were exposed for 30 seconds. The crystal-to-detector distance was 127.40
mm. Cell constants and an orientation matrix for data collection corresponded to a primitive
monoclinic cell with dimensions. All calculations were performed using the CrystalStructure
crystallographic software package except for refinement, which was performed using SHELXL-97
supplied by George Sheldrick (Sheldrick, G. M. SHELXL-97, Program for the Refinement of
Crystal Structure, University of Gottingen, Germany, 1997). The structure was solved by direct
method (SIR92) and expanded using Fourier techniques (DIRDIF99). Neutral atom scattering
factors were taken from Cromer and Waber. Anomalous dispersion effects were included in Fcalc;
the values for A’ and Af” were those of Creagh and McAuley. The values for the mass attenuation
cofficients are those of Creagh and Hubbell. The non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were refined using the riding model. We thank Mr. M. Yamasaki and Ms. K.
Hasegawa at Rigaku Cooporation for the data collection of X-ray analysis.

Preparation of (R,2S5)-7 was described previously on page 78. Single crystals of (R,25)-7 was

obtained by recrystallization from 1,2-dimethoxyethane and diisopropyl ether.

Figure 14. ORTEP drawing of compound (R,2S5)-7.
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Table 30. Crystallographic Data of (R,25)-7

Empirical Formula
Formula Weight
Crystal Color, Habit
Crystal Dimensions
Crystal System
Lattice Type
Indexing Image
Detector Position

Pixel Size

Lattice Parameters

Space Group
Zvalu
Dcalc
F(000)
u(CuK )

Cy6HagN, O3
416.52

colorless, platelet

0.40 %X 0.06 X 0.05 mm

monoclinic

Primitive

3 oscillations @ 30.0 seconds

127.40 mm
0.100 mm
a=13.0005(3) A
b=4.73152(11) A
c=17.4577(4) A
£ =90.5905(15)°
V=1073.80(4) A3
P2, (#4)

2

1.288 g/cm?
444.00

6.741 cm™
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Table 31. Crystallographic Data of (R,25)-7

Diffractometer Rigaku RAXIS-RAPID

Radiation CuKa (a =1.54187A)
graphite monochromated

Detector Aperture 280 mm X 256 mm

Data Images 180 exposures

w oscillation Range (x =54.0,=0.0) 80.0-260.0°

Exposure Rate 90.0 sec./°

w oscillation Range ( x =54.0,=90.0) 80.0-260.0°
Exposure Rate 90.0 sec./°
w oscillation Range ( x =54.0,=180.0) 80.0-260.0°
Exposure Rate 90.0 sec./°
w oscillation Range ( x = 54.0,=270.0) 80.0-260.0°

Exposure Rate 90.0 sec./
w oscillation Range ( x =0.0,=0.0) 80.0-260.0°
Exposure Rate 90.0 sec./°
Detector Position 127.40 mm
Pixel Size 0.100 mm

2 #max 136.5°

No. of Reflections Measured Total: 12712

Unique: 3801 (Rint = 0.025)

Friedel pairs: 1579
Corrections Lorentz-polarization

Absorption

(trans. factors: 0.863-0.967)
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Table 32. Structure Solution and Refinement Crystallographic Data of (R,2S)-7

Structure Solution

Refinement
Function Minimized

Least Squares Weights

2 & ax cutoff

Anomalous Dispersion

No. Observations (All reflections)
No. Variables
Reflection/Parameter Ratio
Residuals: R; (I>2.00 0 (1))
Residuals: R (All reflections)
Residuals: wR, (All reflections)

Goodness of Fit Indicator
Flack Parameter (Friedel pairs = 1579)

Max Shift/Error in Final Cycle
Maximum peak in Final Diff. Map
Minimum peak in Final Diff. Map

Direct Methods (SIR92)

Full-matrix least-squares on F?

Sw (Fo? - Fc?)?

w = 1/[ 0%(Fo*) + (0.1442/P)* + 0.9079/P]
where P = (Max(Fo?,0) + 2Fc?)/3

136.5°

All non-hydrogen atoms

3801
282

13.48
0.0785

0.0816
0.2294
1.073
0.0(5)
0.000
1.03¢/A3
-0.53 ¢/A3
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Table 33. Atomic Coordinates and Bj,/B.q of (R,25)-7

atom X y z Beq

o(1) 0.5226(3) 0.6492(13)  0.6688(2) 7.72(12)
0(2) 0.5517(4) 0.733(3) 0.5472(3) 18.1(5)
0(3) 1.13622(18)  0.4090(5) 0.22497(14)  2.81(4)
N(1) 1.0573(2) 0.8206(6) 0.26226(17)  2.87(5)
N(Q2) 1.1898(2) 0.8309(6) 0.17826(16)  2.73(5)
C(1) 0.3755(6) 0.755(2) 0.7428(5) 10.6(3)
CQ) 0.4232(6) 0.725(2) 0.6776(4) 10.2(3)
C(3) 0.5732(5) 0.581(2) 0.6143(3) 8.1(2)
C(4) 0.6757(5) 0.466(2) 0.6143(3) 8.4(2)
C(5) 0.7205(3) 0.5543(14)  0.5383(2) 4.97(10)
C(6) 0.6425(5) 0.755(2) 0.5027(3) 7.81(18)
C(7) 0.8077(4) 0.4667(16)  0.5100(3) 6.36(15)
C(8) 0.8640(3) 0.5430(10)  0.4400(2) 3.66(7)
C(9) 0.9573(3) 0.4070(9) 0.4262(2) 3.43(6)
C(10)  1.0210(2) 0.4883(7) 0.3672(2) 2.97(6)
C(11)  0.9913(2) 0.7083(7) 0.31857(18)  2.64(5)
C(12)  0.8963(2) 0.8331(8) 0.3294(2) 3.11(6)
C(13)  0.8337(3) 0.7510(9) 0.3894(2) 3.52(7)
C(14)  1.1292(2) 0.6704(7) 0.22214(19)  2.52(5)
Cc(15)  1.27512) 0.7120(7) 0.1341(2) 2.71(6)
C(16) 1.3692(3) 0.6718(10)  0.1857(2) 3.65(7)
C(17)  1.2911(2) 0.8948(7) 0.0636(2) 2.62(5)
Cc(18)  1.3721(2) 1.0764(7) 0.0602(2) 3.03(6)
C(19)  1.3884(3) 1.2521(8) -0.0039(2) 3.56(7)
C(20)  1.3237(3) 1.2341(8) -0.0655(2) 3.56(7)
C(21)  1.2390(2) 1.0496(8) -0.0658(2) 3.12(6)
C(22)  1.1711(3) 1.0303(9) -0.1289(2) 3.72(7)
C(23)  1.0891(3) 0.8514(9) -0.1291(2) 3.81(7)
C(24)  1.0708(2) 0.6811(8) -0.0644(2) 3.54(7)
C(25)  1.1353(2) 0.6927(7) -0.0016(2) 2.96(6)
C(6)  1.2211(2) 0.8771(7) 0.0001(2) 2.65(5)

Beq = 8/3 73Uy (aa*)*+Up(bb*)*+Us3(cc*)*+2U)(aa*bb*)cor

+ 22U, 3(aa*cc*)cos B+2U,s(bb*cc*)cos @)
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Table 34. Atomic Coordinates and Bj, Involving Hydrogens/B,, of (R,25)-7

atom x v z Beg
H(1) 0.3202 0.8944 0.7367 12.72
H(2) 0.4243 0.8203 0.7821 12.72
HQ3) 0.3462 0.5734 0.7583 12.72
H(4) 0.4153 0.9075 0.6505 12.25
H(5) 0.3824 0.5854 0.6479 12.25
H(6) 0.5353 0.4036 0.6008 9.72
H(7) 0.6740 0.2576 0.6188 10.10
H(8) 0.7169 0.5439 0.6574 10.10
H(©) 0.6689 0.9511 0.5038 9.37
H(10) 0.6280 0.7015 0.4489 9.37
H(11) 0.8413 0.3273 0.5404 7.64
H(12) 0.9777 0.2544 0.4583 4.12
H(13) 1.0848 0.3946 0.3598 3.57
H(14) 0.8736 0.9771 0.2953 3.74
H(15) 0.7688 0.8399 0.3957 4.22
H(16) 1.0518 1.0022 0.2521 3.45
H(17) 1.1780 1.0139 0.1758 3.28
H(18) 1.2532 0.5207 0.1159 3.26
H(19) 1.4115 0.8431 0.1846 4.38
H(20) 1.4095 0.5110 0.1674 4.38
H(21) 1.3470 0.6356 0.2383 4.38
H(22) 1.4190 1.0853 0.1022 3.63
H(23) 1.4442 1.3818 -0.0041 4.27
H(24) 1.3361 1.3485 -0.1092 4.27
H(25) 1.1829 1.1454 -0.1725 4.46
H(26) 1.0446 0.8414 -0.1726 4.57
H(27) 1.0132 0.5572 -0.0642 4.25
H(28) 1.1221 0.5752 0.0413 3.55

Bey = 8/3 TA(Uy1(aa*)*+Uny(bb*)*+Us3(cc*)*+2U, y(aa*bb*)cos 7+
2U5(aa*cc*)cos B+2U,5(bb*cc*)cos @)
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Table 35. Anisotropic Displacement Parameters of (R,2S)-7

atom Un Up Uss Upp Uiz U

o)  0.078Q2) 0.124(4) 0.091(2) 0.032(2) 0.024(2) 0.024(2)
02)  0.0933) 0.47(2) 0.128(4) 0.060(7) 0.042(3) 0.149(8)
0B)  0.0458(13)  0.0213(12)  0.0397(13)  0.0027(10)  0.0070(10)  -0.0022(9)
N(I)  0.0446(15)  0.0218(14)  0.0431(16)  0.0032(11)  0.0151(12)  0.0015(12)
N@Q)  00435(15)  0.0201(13)  0.0404(15)  0.0054(11)  0.0148(12)  -0.0018(11)
c()  0.089(4) 0.168(10)  0.147(7) 0.024(5) 0.041(5) 20.015(7)
C2)  0.098(4) 0.177(9) 0.113(5) 0.052(6) 0.037(4) 0.062(6)
C3)  0.0934) 0.146(7) 0.069(3) 0.012(4) 0.033(3) 0.034(4)
C@4)  0.091(4) 0.169(3) 0.061(3) 0.033(4) 0.046(3) 0.045(4)
C5)  0.0612) 0.090(3) 0.038(2) 20.007(2) 0.0156(18)  0.005(2)
C®6)  0.097(4) 0.126(6) 0.075(3) 0.020(4) 0.044(3) 0.031(4)
a7 0.07503) 0.112(5) 0.055(2) 0.027(3) 0.025(2) 0.041(3)
C®)  0.0492) 0.052(2) 0.0387(18)  -0.0012(19)  0.0108(15)  -0.0014(19)
CO)  0.058Q2) 0.0374(19)  0.0345(17)  0.0025(18)  0.0055(15)  0.0040(16)
C(10)  0.0434(18)  0.032(2) 0.0374(17)  0.0003(14)  0.0079(14)  -0.0036(14)
C1)  0.0424(17)  0.0281(17)  0.0299(15)  -0.0042(14)  0.0051(13)  -0.0045(14)
C(12)  0.0437(18)  0.0364(19)  0.0383(18)  0.0045(15)  0.0054(15)  0.0040(16)
C(13) 0.0454(19) 0.050(2) 0.0384(19) 0.0063(17) 0.0089(15) 0.0010(17)
C(14)  00382(17)  0.0237(17)  0.0340(16)  0.0003(13)  0.0039(13)  -0.0046(13)
C(15)  0.0370(16)  0.0271(17)  0.0392(17)  0.0053(14)  0.0099(13)  -0.0042(15)
C(16)  0.0451(19)  0.048(2) 0.046(2) 0.0032(18)  0.0056(16)  -0.0075(18)
C(17)  0.0348(16)  0.0242(16)  0.0406(17)  0.0069(14)  0.0119(13)  -0.0035(14)
C(18)  0.0354(16)  0.0320(19)  0.0478(19)  0.0023(15)  0.0119(14)  -0.0090(16)
C(19)  0.0410(18)  0.0297(18)  0.065(2) 20.0068(15)  0.0232(18)  -0.0031(18)
C20)  0.054(2) 0.0306(19)  0.051(2) 20.0024(17)  0.0228(18)  0.0034(17)
CQ1)  0.0451(18)  0.0265(17)  0.0471(19)  0.0061(15)  0.0172(15)  -0.0032(16)
C22)  0.060(2) 0.039(2) 0.0428(19)  0.012(2) 0.0086(17)  0.0051(18)
C23)  0.0592) 0.041(2) 0.045(2) 0.0142(19)  -0.0041(17)  -0.0067(18)
C(24)  0.0407(18)  0.034(2) 0.060(2) 0.0043(16)  0.0024(16)  -0.0108(19)
C(25)  0.0390(17)  0.0265(17)  0.0471(19)  0.0005(14)  0.0098(14)  -0.0035(16)
C26)  0.0371(16)  0.0236(16)  0.0401(17)  0.0048(13)  0.0114(13)  -0.0024(14)

The general temperature factor expression:

exp(-2 70 2(a*? Uy iP+b*? UnpkP+c*2 U3 P+2a* b* Uy yhk+2a* c* Uy s hi+2b* c* Uyskl))
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Table 36. Bond Lengths (A) of (R,2S)-7

atom atom distance atom atom distance
o) CQ2) 1.351(9) o(1) C@3) 1.206(8)
0(2) C(3) 1.400(12) 02) C(6) 1.422(9)
03) C(14) 1.241(4) N(D) C(11) 1.415(4)
N(1) C(14) 1.372(4) N(Q2) C(14) 1.340(4)
N(2) C(15) 1.470(4) C(D) C(2) 1.309(12)
CQ3) C4) 1.439(10) C4) C(%) 1.514(7)
C(5) C(6) 1.517(9) C(5) C(7) 1.309(7)
C(7) C(8) 1.477(6) C(8) C9) 1.396(6)
C(8) C(13) 1.377(6) C9) C(10) 1.384(5)
C(10) C(11) 1.395(4) C(11) C(12) 1.384(5)
C(12) C(13) 1.389(5) C(15) C(16) 1.523(5)
C(15) C(17) 1.520(4) C(17) C(18) 1.361(4)
C(17) C(26) 1.429(4) C(18) C(19) 1.413(5)
C(19) C(20) 1.361(5) C(20) C(21) 1.406(5)
C(21) C(22) 1.407(5) C(21) C(26) 1.431(5)
C(22) C(23) 1.361(6) C(23) C(24) 1.410(5)
C(24) C(25) 1.374(5) C(25) C(26) 1.417(4)
Table 37. Bond Lengths Involving Hydrogens (A) of (R,2S5)-7
atom atom distance atom atom distance
N(1) H(16) 0.880 N(2) H(17) 0.880
C(1) H(1) 0.980 C(D) H(2) 0.980
C(D) H(3) 0.980 CQ2) H(4) 0.990
C(2) H(5) 0.990 C@3) H(6) 1.000
C4) H(7) 0.990 C4) H(8) 0.990
C(6) H(9) 0.990 C(6) H(10) 0.990
C(7 H(11) 0.950 C) H(12) 0.950
C(10) H(13) 0.950 C(12) H(14) 0.950
C(13) H(15) 0.950 C(15) H(18) 1.000
C(16) H(19) 0.980 C(16) H(20) 0.980
C(16) H(21) 0.980 C(18) H(22) 0.950
C(19) H(23) 0.950 C(20) H(24) 0.950
C(22) H(25) 0.950 C(23) H(26) 0.950
C(24) H(27) 0.950 C(25) H(28) 0.950
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Table 38. Bond Angles (°) of (R,25)-7

atom atom atom angle atom atom atom angle

C(2) O(1) C@3) 133.7(6) C(@3) 0(2) C(6) 109.6(6)
C(11) N(1) C(14) 125.5(2) C(14) N2 C(15) 122.3(2)
O(1) CQ2) C) 126.2(7) O(1) C@3) 0(2) 114.6(8)
O(1) C(3) C4) 127.9(6) 0(2) C@3) C4) 111.7(5)
C(@3) C4) C(5) 105.1(5) C4) C() C(6) 105.6(4)
C4) C(5) C( 125.9(5) C(6) C(5) C(7) 128.5(5)
0(2) C(6) C(5) 106.6(6) C(5) C(7) C(8) 132.3(5)
C(7) C(8) C©) 117.9(4) C(7) C®) C(13) 124.4(4)
C©9) C(8) C(13) 117.6(3) C(8) C©) C(10)  121.93)
C©9) C(10) Ca1) 119,8(3) N(1) C(11) C(10) 122.5(3)
N(1) C(11) C(12) 118.9(3) C(10) C1) C(12) 118.5(3)
C(1) C(12) C((13) 121.03) C(8) Cc13) C12) 121.1(3)
0Q) C(14) N(D) 123.1(3) 0(3) C(14) N2 123.0(3)
N(1) C(14) N(2) 113.93) N(2) C15) C(16) 110.1(2)
N(@©2) C(15) C17) 108.5(2) Ce) C15) CA7) 115.7(2)
C(15) C(17) C(18) 120.4(3) C(15) Ca7) CR26) 120.2(2)
C(18) C(7) C6) 119.3(3) C7) Ca8) C(9) 121.9(3)
C(18) C(19) C(20) 119.6(3) C(19) C(0) C21) 121.3(3)
C(20) C@21 C22) 121.93) C(20) C(21) C26) 119.0(3)
C(22) C@21) C26) 119.1(3) C21) C(22) C(23) 121.9(3)
C(22) C(23) C(24) 119.53) C(23) C(24) C(25) 120.6(3)
C(24) C(25 C(26) 121.1(3) C7) C26) C(21) 118.9(3)
C(17) C(26) C(25) 123.23) C(21) C(26) C(25) 117.9(3)
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Table 39. Bond Angles Involving Hydrogens (°) of (R,25)-7

atom  atom atom angle atom atom atom angle
C(11) N(1) H(16) 1172 C(14) N() H(e6) 117.2
C(14) N2 H(17) 1189 C(15 N2 H(17) 1189
C(2) C() H(1) 109.5 C(2) C(1) H(2) 109.5
C(2) C1) HQ3) 109.5 H(1) C(1) H(2) 109.5
H(1) C() HQ3) 109.5 H(2) C(1) H(3) 109.5
o(1) C(2) H4) 105.8 Oo(1) C(2) H(5) 105.8
C(1) C(2) H(4) 105.8 C(1) C(2) H(5) 105.8
H(4) C(2) H(5) 106.2 o(1) C@3) H(6) 98.0
0(2) C@3) H(6) 98.0 C4) C@3) H(6) 98.0
C@3) C4) H(7) 110.7 C(3) C(4) H(8) 110.7
C(5) C4) H(7) 110.7 C(5) C(4) H(8) 110.7
H(7) C4) H(8) 108.8 0(2) C(6) H(9) 110.4
0(2) C(6) H(10) 110.4 C(5) C(6) H(9) 110.4
C(5) C(6) H(10) 1104 H(9) C(6) H(10) 108.6
C(5) C(7) H(11) 113.8 C(®) C(7) H(11) 1138
C(8) C©) H(12) 119.1 c(10) C©O) H(12) 1191
C(9) C(10) H(13) 120.1 C(11) C(10) H(13) 120.1
C(11) C(12) H(14) 1195 C(13) C(12) H(14) 1195
C(8) C(13) H(15) 1194 C(12) C(13) H(15) 1194
N(2) C(15) H(18) 107.4 C(e6) C(15) H(18) 1074
C(17) C(15) H@18) 1074 C(15) C(16) H(19) 109.5
C(15) C(16) H20) 1095 C(15) C(16) H(21) 109.5
H(19) C(16) H(20) 109.5 H(19) C(16) H(21) 109.5
H(20) C(16) H21) 1095 C(17) C(18) HR22) 119.1
C(19) C(18) H22) 119.0 C(18) C(19) H(23) 1202
C(20) C(19) H@23) 1202 C(19) C(20) HE4) 1194
C(21) C(20) HE24) 1194 C(21) C(22) HE2S5) 119.1
C(23) C(22) H@25) 1191 C(22) C(23) HE6) 1203
C(4) C(23) HE6) 1203 C(23) C(24) HE7) 1197
C(25) C(24) HE27) 1197 C(24) C(25 HE@28) 1195
C26) C(25) HE28) 1195
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Table 40. Torsion Angles (°) of (R,25)-7

atoml atom2 atom3 atom4 angle atoml atom2 atom3 atom4 angle
C(2) O(1) C@3) 0(2) 38.9(15) CQ2) O(1) C@3) Cc4 -170.3(10)
C@3) o(1) C(2) C(1) 169.5(12) C@3) 0(2) C(6) C(5) 11.3(11)
C(6) 0(2) C@3) 0O(1) 148.8(8) C(6) 0(2) C@3) Cc4 -6.6(13)
C(11) N(1) C(14) 0@3) 8.4(5) C(1) N(1) C(14) N2 -173.0(3)
C(14) N(1) C(11) C@ao0) 33.3(5) C(14) N(1) c(11y  Cca12) -151.1(3)
C(14) N(2) C(15) C(16) -81.3(4) C(14) N C(1s5) C(a17) 151.1(3)
C(15) N(2) C(14) 0@3) -4.8(5) C(15) N C(14) N(1) 176.6(2)
O(1) C@3) C4) C(5) -152.4(9) 0(2) C(3) C4) C(®) -1.0(11)
C@3) C4) C(5) C(6) 7.6(8) C@3) C4) C(5) @) -171.1(7)
C4) C(5) C(6) 0(2) -11.6(8) C4) C(5) C(7) C(®) -176.1(6)
C(6) C(5) C(7) C(8) 5.5(12) C(7) C(5) C(6) 0(2) 167.1(7)
C(5) C(7) C(8) C(9) -180.0(6) C(5) C(7) C(8) C(13) 3.9(10)
C(7) C(8) C) Cc(0) -172.2(4) C(7) C(8) C(13) C(12) 172.6(4)
C©) C(8) C(13) C(12) -3.4(6) C(13) C(¥) C(9) C(10) 4.1(6)
C(®) C(9) C(10) C(11) -1.3(5) C©) C(10) Cd1) N 173.3(3)
C©) C(10) C(11) C12) -23(5 N(1) C(11) C12) C((13) -172.8(3)
C(10) C11) C12) Caa3) 2.9(5) C1) ca2) ca3 Cc@® -0.0(5)
N@®2) C(s5) C(17) C@18) 104.8(3) N(2) C(15) C17  C26) -75303)
C(16) C(15 Ca7) C18) -19.5(4) C(16) C(15) C(17) C(26) 160.4(3)
C(1s5) cCd17  Cc18) ca19)  -179.103) C(15) C(17) C(26) C(21) -179.3(3)
C(5) C17) C26) C25 -0.4(5) C(18) C(17) C(26) C(21) 0.6(5)
C(18) C(17) C26) C@25 179.503) C(26) C(17) C(18) C(19) 1.0(5)
C(17) C18) C(19) CR0) -2.2(5) C(18) C(19) C(20) C(21) 1.8(6)
C(19) C0) C21) C22) 179.603) C(19) C(20) C21) Cr6) -0.3(5
C(20) C21) C(22) C23) 179.9(2) C(20) C21) C@6) cCU17) -1.0(5
C0) C21) C26) C@25 -1799(12) C(22) C(21) C€(6) CU17) 179.2(3)
C22) C21) C26) C@25 0.2(5 C(26) C(21) C(22) C(23) -0.2(5
C(21) C2) C(23) C(4) 046 C(22) C(23) C(24) C(25 -0.6(6)
C(23) C(24) C(25) C6) 0.6(5 C(24) C(25) cC6) cCU7  -179303)
C24) C25) C6) C21) -04(5)

The sign is positive if when looking from atom 2 to atom 3 a clock-wise motion of atom 1 would

surperimpose it on atom 4.
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Table 41. Distances Beyond the Asymmetric Unit out to 3.60 A of (R,25)-7

atom atom distance atom atom distance
0(2) 0Q)D  3.174(16) 0(2) 0Q2)»Y  3.174(16)
0(2) Cc6)”  3.493(13) 0(3) N(1)®  3.040(3)
0(3) NQ)»  2.940(3) 0(3) C(14)  3.496(4)
0(3) C(23)Y  3.370(4) N(1) 0(3)”  3.040(3)
N(Q2) 0@3)Y)  2.940(3) C(6) 0(2)?  3.493(13)
C(9) c(12y¥  3.291(5) C(9) C(13)Y  3.551(6)
C(10)  C(12)®»  3.557(5) C(12) C9)»  3.291(5)
C(12) C(10yY  3.557(5) C(13) C(9Y  3.551(6)
C(14)  03)Y  3.496(4) C(14) C(23)Y  3.588(5)
C(15) Cc(18y®  3.512(5) C(15) C(19)®  3.576(5)
C(16)  CU8®»  3.569(5) Cc(17) C(19Y”  3.503(5)
C(18) C(15)%  3.512(5) C(18) C(16)”  3.569(5)
C(19) C(15  3.576(5) C(19) C(17)®  3.503(5)
C(20) C(25)%  3.466(5) C(20) C(26)”  3.518(5)
Cc(21) C(25)°  3.516(5) C(22) C(24)”  3.533(5)
C(23) 0(3)®  3.370(4) C(23) C(14)®  3.588(5)
C(4)  C(22)»  3.533(5) C(25) C(20Y  3.466(5)
C(25) C(21)?®  3.516(5) C(26) C(20)Y  3.518(5)
Symmetry Operators:

(1) -X+1, Y+1/2-1, -Z+1  (2) -X+1, Y+1/2, -Z+1
(3)X,Y-1,Z (4) -X+2, Y+1/2-1, -Z
(5)X,Y+1,Z (6) -X+2, Y+1/2, -Z
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Table 42. Distances Beyond the Asymmetric Unit out to 3.60 A Involving Hydrogens of (R,2S)-7

atom atom distance atom atom distance
o(1) H(7)V 3.599 o(1) H(10)? 3.529
o(1) H(19)» 3.056 o(1) H(20)¥ 3.441
o(1) H(21)® 3.370 0o(1) H21DY 3.278
0(2) H(6)V 3.318 0(2) H(6)> 2.924
0(2) H(7)V 3.197 0(2) H(9)? 3.277
0(2) H(10)% 3.433 0(2) H(10)® 3.224
0(3) H(8)? 3.281 0(3) H(16)® 2.268
0(3) H(17)® 2.130 0(3) H(26)" 2.535
N(1) H(8)Y 3.407 N(1) H(13)D 3.223
N(1) H(25)" 3.576 N(1) H(26)" 3.051
N(1) H(26)® 3.200 N(Q2) H(8)¥ 3.262
NQ) H(18)V 3.540 N(Q2) HQ27)® 3.460
C(1) H(14)? 3.551 (1) H(20)Y 3.413
C(1) H(24)” 3.266 C(1) H(25)!0 3.456
C(2) H(10)% 3.379 C(2) H(10) 3.221
CQ) H(15)? 3.335 C(3) H(7)" 3.460
C(3) H(10)? 3.350 C(3) H21)Y 3.476
C(4) H(9)® 3.109 C(4) H(21)? 3.028
C(5) H(9)® 2.991 C(5) H(13)? 3.475
C(6) H(4)? 3.222 C(6) H(5)Y 3.074
C(6) H(6) 3.003 C(6) H(7)V 3.149
C(7) H(9)? 3.036 C(7) H(12)¥ 3.148
C(7) H(13)Y 3.340 C(8) H(12)? 2.883
C(9) H(11)* 3.334 C(9) H(12)» 2.728
C(9) H(14)® 3.239 C(10) H(11)¥ 2.884
C(10) H(12)" 3.296 C(10) H(14)®) 3.324
C(10) H(16)® 3.082 C(10) H(26)" 3.563
C(11) H(11)? 3.316 C(11) H(12)V 3.560
C(11) H(13)® 3.539 C(11) H(25)" 3.406
C(11) H(26)" 3.115 C(12) H(12)Y 3.179
C(12) H(25)" 3.049 C(13) H(1)? 3.407
C(13) H(5)” 3.283 C(13) H(12)V 3.252
C(13) H(12)» 3.598 C(14) H(8)Y 3.385
C(14) H(16)® 3.361 C(14) H(17)® 3.274
C(14) H(26)" 2.871 C(15) H(22)® 3.553
C(16) H(2)» 3.203 C(16) H(7)¥ 3.488
C(16) H(8)Y 3.452 C(16) H(22)® 3.203
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Table 42. Distances Beyond the Asymmetric Unit out to 3.60 A Involving Hydrogens of (R,2S)-7 (Contined)

atom atom distance atom atom distance
Cc(17) H(18)V 3.139 C(17) H(23)® 3.361
C(18) H(18)" 2.790 C(18) H(20)" 2.818
C(18) H(23)!M 2.750 C(19) H(18)V 3.026
C(19) H(20)" 3.241 C(19) H(22)!? 3.434
C(19) H(23)'D 2.796 C(20) H(2)"® 3.563
C(20) H(3)'¥ 3.484 C(20) H(18)V 3.574
c@n H(28)" 3.471 C(22) H(1)'® 3.126
C(22) H(27) 3.428 C(23) H(14)? 3.438
C(23) H(16)" 3.258 C(23) H(28)® 3.332
C(24) H(25)® 3.488 C(24) HQ27)® 3.074
C(24) H(28)® 3.154 C(25) H(27)® 2.840
C(26) H(24)% 3.491 C(26) HQ27)® 3.366
H(1) C(13)” 3.407 H(1) C(22)'9 3.126
H(1) H(3)V 3.252 H(1) H(14)? 3.245
H(1) H(15)Y 3.327 H(1) H(24)'0 3.447
H(1) H(25)'0 2.677 H(Q2) ce)y? 3.203
H(2) C(20)!9 3.563 H(Q2) H(19)Y 3.157
H(2) H(19)" 3.314 H(?) H(20)¥ 2.494
H(2) H21)" 3.348 H(Q) H(22)% 3.062
H(2) H(24)" 3.154 H(?2) H(24)'9 3.348
H(Q2) H(25)!0 3.592 H(3) C(20)” 3.484
H(3) H(1)® 3.252 HQ3) H(14)? 3.032
H(3) H(15)? 3.256 H(®3) H(19)» 3.470
H(3) H(24)" 2.551 H(3) H(25)” 3.181
H(4) C(6)” 3.222 H(4) H(5)V 3.236
H(4) H(6)" 2.954 H(4) H(10)» 2.289
H(4) H(15)” 3.244 H(5) C(6)? 3.074
H(5) Cc(13)? 3.283 H(5) H(4)® 3.236
H(5) H(9)? 2.797 H(5) H(10)? 2.483
H(5) H(10)” 3.371 H(5) H(14)? 3.520
H(5) H(15)? 2.400 H(6) 0(2)® 3.318
H(6) 0(2)? 2.924 H(6) C(6)? 3.003
H(6) H(4)® 2.954 H(6) H(9)® 3.245
H(6) H(9)? 3214 H(6) H(10)? 2.477
H(6) H(21)® 3.429 H(7) o) 3.599
H(7) 0Q)? 3.197 H(7) c3)? 3.460
H(7) Cc(6)® 3.149 H(7) C(16)¥ 3.488
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Table 42. Distances Beyond the Asymmetric Unit out to 3.60 A Involving Hydrogens of (R,2S)-7 (Contined)

atom atom distance atom atom distance
H(7) H(8)® 3.487 H(7) H(9)® 2.477
H(7) H(13)Y 3.592 H(7) H21)» 2.578
H(8) 0@3)Y 3.281 H(8) N(1)» 3.407
H(8) NE)Y 3.262 H(8) C(14)® 3.385
H(8) C(16)? 3.452 H(8) H(7) 3.487
H(8) H(13)Y 3.083 H(8) H(16) 3.387
H(8) H(17)» 3.206 H(8) H(19)» 3.375
H(8) H(21)® 2.788 H(8) HEDY 3.446
H(9) 0Q2)” 3.277 H(9) C4)Y 3.109
H(9) c(5)M 2.991 H(9) c(nV 3.036
H(9) H(5)” 2.797 H(9) H(6)V 3.245
H(9) H(6)” 3.214 H(9) H(7) 2.477
H(9) H(11)V 2.928 H(10) o(1)® 3.529
H(10) 0(2)? 3.224 H(10) 0(2)® 3.433
H(10) Cc@)? 3.221 H(10) cE)” 3.379
H(10) c@3)? 3.350 H(10) H(4)? 2.289
H(10) H(5)? 3.371 H(10) H(5)” 2.483
H(10) H(6)” 2.477 H(11) C(9)® 3.334
H(11) C(10)® 2.884 H(11) c(11)® 3.316
H(11) H(9)® 2.928 H(11) H(12)Y 3.589
H(11) H(12)Y 3.102 H(11) H(13)? 2.849
H(11) H(13)¥ 3.336 H(11) H(15)® 3.541
H(12) Cc(7® 3.148 H(12) Cc(8)®» 2.883
H(12) C(9)® 2.728 H(12) C(10)» 3.296
H(12) c(11)® 3.560 H(12) C(12)® 3.179
H(12) C(13)® 3.252 H(12) C(13)» 3.598
H(12) H(11)? 3.102 H(12) H(11)? 3.589
H(12) H(12)Y 2.834 H(12) H(12)Y 2.834
H(12) H(14)% 3.402 H(12) H(15)% 3.515
H(13) N(D® 3.223 H(13) c)® 3.475
H(13) Cc(7)® 3.340 H(13) c(1)® 3.539
H(13) H(7)¥ 3.592 H(13) H(8)Y 3.083
H(13) H(11)» 3.336 H(13) H(11)» 2.849
H(13) H(14)® 3.556 H(13) H(16)® 2.673
H(14) () 3.551 H(14) dOR 3.239
H(14) c(10)M 3.324 H(14) Cc(23)® 3.438
H(14) H(1)” 3.245 H(14) H(3)Y 3.032
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Table 42. Distances Beyond the Asymmetric Unit out to 3.60 A Involving Hydrogens of (R,2S)-7 (Contined)

atom atom distance atom atom distance
H(14) H(5)” 3.520 H(14) H(12)V 3.402
H(14) H(13)V 3.556 H(14) H(25)7 2.751
H(14) H(26)Y 2.956 H(15) c)” 3.335
H(15) H(1)? 3.327 H(15) H(3)” 3.256
H(15) H(4)? 3.244 H(15) H(5)” 2.400
H(15) H(11) 3.541 H(15) H(12)V 3.515
H(16) 0o@3) 2.268 H(16) c(1o0y) 3.082
H(16) C(14)V 3.361 H(16) Cc3)® 3.258
H(16) H(8)Y 3.387 H(16) H(13)D 2.673
H(16) H(26)Y 2.458 H(16) H27)® 3.390
H(17) o@3)" 2.130 H(17) c(14)h 3.274
H(17) H(8)" 3.206 H(17) H(18)V 2.796
H(17) H(26)¥ 3.283 H(17) H(27)Y 3.150
H(18) N(©2)® 3.540 H(18) can® 3.139
H(18) C(18)% 2.790 H(18) C(19)® 3.026
H(18) C(20)® 3.574 H(18) H(17)® 2.796
H(18) H(22)® 2.992 H(18) H(23)® 3.330
H(19) o(1)? 3.056 H(19) H(2)® 3.314
H(19) H(2)" 3.157 H(19) H(3)" 3.470
H(19) H(8)* 3.375 H(19) H(20)" 3.174
H(19) H24)!D 3.548 H(20) o(1)» 3.441
H(20) () 3.413 H(20) C(18)® 2.818
H(20) C(19)® 3.241 H(20) H(2)® 2.494
H(20) H(19)® 3.174 H(20) H(22)% 2316
H(20) H(23)® 3.093 H(21) o(1)» 3.278
H(21) oY 3.370 H(21) ci3® 3.476
H(21) C(4)Y 3.028 H(21) H(2)» 3.348
H(21) H(6)¥ 3.429 H(21) H(7)¥ 2.578
H(21) H(8)Y 3.446 H(21) H(8)¥ 2.788
H(22) csy 3.553 H(22) c(e)? 3.203
H(22) c@9)th 3.434 H(22) H(2)" 3.062
H(22) H(18)V 2.992 H(22) H(20)" 2.316
H(22) H(23)'D 2.663 H(22) H(Q24)!D 3.376
H(23) cn 3.361 H(23) C(18)!? 2.750
H(23) C(19)» 2.796 H(23) H(18)" 3.330
H(23) H(20)D 3.093 H(23) H(22)!? 2.663
H(23) H(23)!D 2.779 H(23) H(23)!? 2.779
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Table 42. Distances Beyond the Asymmetric Unit out to 3.60 A Involving Hydrogens of (R,2S)-7 (Contined)

atom atom distance atom atom distance
H(24) (' 3.266 H(24) Cc(26)" 3.491
H(24) H(1)"® 3.447 H(24) H(2)"® 3.348
H(24) H(2)'" 3.154 H(24) H(3)'¥ 2.551
H(24) H(19)'?» 3.548 H(24) H(22)'» 3.376
H(25) N()® 3.576 H(25) c(H? 3.456
H(25) can® 3.406 H(25) Cc(12)® 3.049
H(25) C(24)V 3.488 H(25) H(D)! 2.677
H(25) H(2)"? 3.592 H(25) H(3)' 3.181
H(25) H(14)® 2.751 H(25) H(27)V 3.510
H(26) 0(3)® 2.535 H(26) N(1)? 3.200
H(26) N(D® 3.051 H(26) C(10)® 3.563
H(26) can® 3.115 H(26) Cc(14)® 2.871
H(26) H(14)” 2.956 H(26) H(16)” 2.458
H(26) H(17)7 3.283 H(26) H(28)Y 3.358
H(27) N©2)” 3.460 H(27) C(22)® 3.428
H(27) C(24)7 3.074 H(27) C(25)7 2.840
H(27) C(26)7 3.366 H(27) H(16)7 3.390
H(27) H(17)7 3.150 H(27) H(25)% 3.510
H(27) H(Q27)" 3279 H(27) HQ27)® 3.279
H(27) H(28)” 2.910 H(27) H(28)Y 3.046
H(28) cEn® 3.471 H(28) C(23)" 3.332
H(28) C(24)7 3.154 H(28) H(26)" 3.358
H(28) H(27)? 3.046 H(28) H27)® 2.910
Symmetry Operators:
(DX, Y+1,Z (2) -X+1, Y+1/2, -Z+1

(3) -X+2, Y+1/2-1,-Z+1  (4) -X+2, Y+1/2, -Z+1
(5) -X+1,Y+1/2,-Z+1  (6)X,Y-1,Z
(7) -X+2, Y+1/2-1, -Z (8) -X+2, Y+1/2, -Z

(9) X-1,Y-1, Z+1 (10) X-1,Y, Z+1
(11) -X+3, Y+1/2-1,-Z  (12) -X+3, Y+1/2, -Z
(13) X+1,Y, Z-1 (14) X+1, Y+1, Z-1
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Figure 15. Chlomatin condensation of U937 human lymphoma cells treated with 2-alkoxy-

tetrahydrofurans (200 uM for 2 h), and stained with DAPI.
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Table 43. Syntheses of Various 2-Alkoxytetrahydrofurans?

X"0H Pd(OAc), X
iij/\/\ + Z0R
R Condition R 0" OR'

1 2 3
entry 1 2 R R’ product, 3 yield (%)°
1 la  2f H CH;3(CH,);- 3k 90
2 la 2g H PhCH,- 31 43
3 b 2f 4-NO, CHj;(CH,);- 30 87
4 b 2g 4-NO, PhCH,- 3p 73

21 (1 mmol), 2 (4 mmol), Pd(OAc), (0.05 mmol), Cu(OAc), (0.05 mmol),
catechol (0.1 mmol), MeCN (1 mL), O, (balloon), 24 h, rt. ® NMR yield.

aFVHELELTA M UVEEZ LA EDIZIONWTIL, HETHDL AT L E= LT —T LR
B TH D0, T HE =L —FT Va5 LN RhoT2, TDEH, T
ICRE L7z &k oI, mEFEMRSADMEEZHAWT T 7 h3c L A X ) — Lt DT v X =LA

WS Z AT o2& 2 A, BRIDOAERY 3n DMK 80% TS Z L N k- 1),

N Fe(ClO,); (0.1 eq.) N
+ CH;OH
O,N o~ “OEt THF, 1, 2h  O,N 0~ “OCH;

3c (5eq.) 3n
80%

INHOEME U937 fMild~F 5L, 7&K h— v AFERERR 21T 72, 2B, T
IR LR DY F oo OWTIE, 2 E TITIEERE WD &390

STWDH p-=bualka2 G35 —HDO 7 7 MAbEWE R W, TR b— AFHEEM A
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filt ¥ (Figure 16), DNA 7 % —(Figure 17) % % LDs, (Table 44)(Z X

X
DI Lo, 2B AEMERIC OV CIRALEE KPR Bh# & OszOR

KREEARB RO KA~MKIH L T2, £ 7 7 bbb

1:R=Me (3n)

. . 2 : R=n-Bu(3d)

% 6 FFfHIC BT 2 MlE D T EL ZhEitiikd o & 47 3 :R=n-Oct (30)
4:R=Bn3p)

FNIEZH T E 30 kb % < OMIESERZEZE Z LT

HZEWGgoTlz, LVEWT LVaxIfilfEHE b obEMEREGTHZ LIk T, kY

. O
{ o r -

1% DMSO

Figure 16. Morphological changes of U937 cells treated with 3n, 3d, 30, and 3p for 6 h.

3d 30 30 3p

. v A A
Cont. DMSO 200 100 &0 200100 50' ‘200 100 50 ‘200 100 50'

Figure 17. Fragmentation of DNA from U937 cells treated with 3n, 3d, 30, and 3p for 6 h.
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%< OHIANIEIRT D Z LB yhotz, N UNAF VI EELAW 3p 121X, TEMEN R
biieolo, F72, DNA 7 X — b RIEROFERD G LT,

eV T, —HDT M Tk Fr 7T UaFERE U7 Mlla~F 5 L .72 FEfEZIZ351F 5 LDs
ZRE L7z, Table 44 | Z/R LTZFER NS, T ax o AfEHA A Fx o3k, 7 vk &l
PR RDICONTHEMER G D Z e ghole, L L, 7 R EITRD &
—HE L CE L IEHEMET Lie, 2238, Jefe & [RERITAEA W) 3p IZIXIEEN R S h7e o7,
LDsy & MIEREE & OY DNA 7 & — DR ROEWVDJFERNZ DWW T, KEFHITF TOLEam D
SRR L TWDOTIIARWNEE X, TORME LT, Lok bi4, 3 W
. 6 R TOMREELHER LT L A, MIEROE T ITENDRRBO LMD TH
Do TNAFUMEHDORMEE 30 13 3 R £ TOMISEREIZZ DD, 6 FF# T
FEPR LTS ZAUE EEEIN L T\ e o 7o, IR LT, FRED T L aFk AlgHE
FoMb AW 3d 13, (LAY 30 DA & T, Fe b4 3 R COMIEREIZ D e hr o 72

HLOD, 6 KAl LB CIZEomITEM LIz, ZoZenb, RETLVaFx Ml

Table 44. LDs, of U937 Cells and HLB Values for 2-Alkoxytetrahydrofuran Derivatives

entry product HLB® LDsy (uM)
TryPan Blue MTS Assay

IDReY
1 9.70 61 101
O,N o Yo~

ISRsN
2 8.29 14 17
O,N o 0T
X
3 6.84 111 >200
/\/\/\/\
O,N o~ o

.

4 ON o o/”\T:::] 7.33 96 141

3 HLB{E (Hydrophile-Lipophile Balance)
KEH~DBRMEDEEERTE
(T)T742E20 x FPKED X ED RIS F=)
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HEFF AW TIE, YIHIERE TORBLA~DE Y IAZEEITH N DD, & HERETED
WOIABBREME T T 2O TERNNEZZBND, £ T, IEMEDO LT %, HLB
it % I CREA L 72, HLB i & (3K & OBFIPEDORLE Z2 /R 3E T, £ OfEAS 8-10 F2E T
b5 EZDEMIIBMELIZS K 68 TETHD & IB/MELLTVE S X D, Table
44 DFERMNS . BT AFAMEEFF LAY 30 1ZI B LLT < ERE D W
AR EY 3n & 3d Xk Lic WiBETHD LWz D, £ (kAW 3p B2
UL LT WEEFFOZ L3572, D LDy & HLB EIZH D FEE ORISR H 5
Z LD, LDs, & MAaRE & Y DNA 7 4 — & OfER PR 2K 28 AL TH 5 wlhE
HiEEmnweExoh5,

UL EDZ &n6 | HLB EIC X 2 Mk & OV RER I L D 1EHERHM O S0 6, b
—HO T T A O T T, ALEY) 3d A3 U937 MRk L Tl bRV T AR b — o AFFETE

HEFFOEE XD,

3. 3. /NE

ARETIEZ, B bEAMBEMIE U937 (233 2 &R MBI D=0 —HD 2-7 /13X

VT Rk a7 T oS ROBERRSODAEEE WSS AREE R L, o

5—EHD T T ALEWOHR T, ALE W 3d 23 U937 HIfIZxt L Tic bRV T A8 h—3 X 3FE

GRS Z Lo T, Ak, 2Hb —EHOLEMOFBRIRIERZ SR L, U937 Hillld &

ORETEEAR 2 L FEICHRA L7 B2 T,

3. 4. ERBROE

Chemistry
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Syntehsis of (Z)-2-Methoxy-4-(4-nitrobenzylidene)tetrahydrofuran (3n). Fe(ClO,); - 6H,0 (22.8
mg, 0.05 mmol) was placed in a 25 mL side-armed round bottomed flask under Ar, and a solution
of (Z)-2-ethoxy-4-(4-nitrobenzylidene)tetrahydrofuran (3¢) (124 mg, 0.5 mmol) and methanol (1.06
mL, 2.5 mmol) in THF (2.0 mL) was added. After the reaction mixture was stirred for 2 h at room
temperature, the mixture was filtered through silica gel column (15 mm x 60 mm, 5 g, diethyl ether
100 mL), and the solvent was evaporated under reduced pressure to give a mixture of 3n and
methanol. The yield of 3n was determined to be 80% by NMR. Isolation of 3n was performed by
Kugelrohr distillation (40-80 “C/5 mmHg) which afforded pure 3n (80 mg, 0.34 mmol) in 68%
yield as a brown solid. 3n: FTIR (KBr, cm’l): 2932, 2834, 1658, 1597, 1516, 1446, 1420, 1336,
1206, 1185, 1094, 1034, 993, 978, 922, 889, 846, 820, 746, 689, 553, 511, 471 ; '"H NMR (400
MHz, CDCL): 6 2.77 (dm, J = 16.8 Hz, 1H), 2.98 (ddddd, /= 16.7, 5.0, 2.4, 2.4, 2.4 Hz, 1H), 3.39
(s, 3H), 4.66-4.77 (m, 2H), 5.15 (d, J=5.1 Hz, 1H), 6.52 (qu, J=2.3 Hz, 1H), 7.25 (dm, J = 8.9 Hz,
2H), 8.20 (dm, J = 8.9 Hz, 2H); "C NMR (101 MHz, CDCl;): & 41.58, 54.64, 67.85, 103.13,

120.12, 123.90, 128.27, 143.59, 144.64, 149.50 ; GCMS m/z: 235 (M").

Synthesis of (Z)-4-(4-Nitorobenzylidene)-2-octyloxytetrahydrofuran (30). Pd(OAc), (11.2 mg,
0.05 mmol), Cu(OAc), (9.1 mg, 0.05 mmol), and catechol (11.0 mg, 0.1 mmol) were dissolved in
MeCN (1.0 mL) in a 25 mL side-armed round bottomed flask under O, (balloon), and the mixture
was stirred for 30 min at room temperature. After that Octyl vinyl ether (312.52 mg, 2.0 mmol) was
added. After the reaction mixture was stirred for 24 h at room temperature. After 24 h, diethyl ether
(2 mL) and hexane (2 mL) was added into the mixture for quenching. After filtration through
Florisil column (10 mm % 80 mm, 3 g, EtOAc/n-hexane = 1/9), the solvent was evaporated under
reduced pressure. The product 30 nearly pure was obtained in 87% yield (NMR yield) as a brown

oil, and further purification was made by thin-layer chromatography on silica gel. 3o0: FTIR (KBr,
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cm’'): 3448, 3080, 2928, 2855, 2448, 1925, 1660, 1596, 1517, 1466, 1420, 1344, 1183, 1098, 1029,
927, 848, 747, 699, 666 ; '"H NMR (400 MHz, CDCl;) & 0.87 (t, J = 7.2 Hz, 3H), 1.18-1.36 (m,
10H), 1.57 (qu, J = 7.2 Hz, 2H), 2.77 (dm, J = 16.9 Hz, 1H), 2.97 (dm, J = 16.9 Hz, 1H), 3.44 (dt, J
=9.7, 6.8 Hz, 1H), 3.70 (dt, J = 9.7, 6.8 Hz, 1H), 4.69-4.72 (m, 2H), 5.24 (d, J = 5.0 Hz, 1H), 6.50
(qu, J = 2.2 Hz, 1H), 7.25 (d, J = 8.8 Hz, 2H), 8.20 (dm, J = 8.8 Hz, 2H); "C NMR (101 MHz,
CDCls): & 14.06, 22.63, 26.15, 29.23, 29.34, 29.58, 31.80, 41.61, 67.56, 67.80, 102.07, 119.97,

123.90, 128.24, 143.71, 145.11, 146.15 ; GCMS m/z: 333 (M").

Synthesis of (£)-2-Benzyloxy-4-(4-nitorobenzylidene)tetrahydrofuran (3p). Pd(OAc),(11.2 mg,
0.05 mmol), Cu(OAc), (9.1 mg, 0.05 mmol), and catechol (11.0 mg, 0.1 mmol) were dissolved in
MeCN (1.0 mL) in a 25 mL side-armed round bottomed flask under O, (balloon), and the mixture
was stirred for 30 min at room temperature. After that Benzyl vinyl ether (365.78 mg, 2.0 mmol)
was added. After the reaction mixture was stirred for 24 h at room temperature. After 24 h, diethyl
ether (2 mL) and hexane (2 mL) was added into the mixture for quenching. After filtration through
Florisil column (10 mm x 80 mm, 3 g, EtOAc), the solvent was evaporated under reduced pressure.
The product 3p nearly pure was obtained in 73% yield (NMR yield) as a brown solid, and further
purification was made by filtration through Florisil column (15 mm x 80 mm, 17 g, Hexane/diethyl
ether = 1:2). 3p: FTIR (KBr, cm™): 2859, 1659, 1594, 1508, 1418, 1348, 1257, 1166, 1112, 1077,
1038, 993, 966, 924, 884, 844, 783, 742, 702, 608, 508 ; 'H NMR (400 MHz, CDCl;) & 2.84 (dm, J
= 16.7 Hz, 1H), 3.00 (ddddd, J = 16.7, 4.9, 2.2, 2.2, 2.2 Hz, 1H), 4.56 (d, J = 11.9 Hz, 1H),
4.73-4.76 (m, 2H), 4.76 (d, J = 11.7 Hz, 1H), 5.35 (d, /= 5.0 Hz, 1H), 6.51 (br s, 1H), 7.22-7.42 (m,
2H), 8.20 (dm, J = 8.9 Hz, 2H); "C NMR (101 MHz, CDCl;): & 41.56, 68.01, 68.92, 101.28,
120.14, 123.92, 127.76, 127.97, 128.26, 128.45, 137.68, 143.63, 144.74, 145.60 ; GCMS m/z: 311

(M.
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TR b= AREEE MR

1) ARERTTIE

1-1) DNA 7 % —fa

24 X7 L — MZ, U937 Mt b HAEZERR [ LIF AEAE) % 2x10° {E/well/SO0uL CHEFE L 72,
WIZ, 20 mM OLEY 3d, 3n, 30, 3p & 5 uL (FKIEEE 200 uM) "o, ZNZHD 24 K
7 L— MBI L, 30 43, 1 RFRE, 3 RERE] S O 6 HRERE] A o % =X — | L7z U937 Ml & A,
UTFTOHEICEY, £hEh DNA 77—zt Lz, LT ORER R L2 AT, T

SLO7a ha—uZ k) DNA ZHi L7-,

(B38)
Cell Lysis Buffer
1 MtrissHCI pH7.4 0.1 mL

0.5MEDTA pH80 0.2 mL

10% TritonX-100 0.5 mL

PR 7R K 9.2 mL

At 10.0 mL
TE Buffer

1 M tris-HCI 1.0 mL

0.5MEDTA pH?74 0.2 mL

W 7R BE K 98.8 mL

&t 100.0 mL
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(BER)
RNaseA 20 mg/mL

ProteinaseK 20 mg/mL

(Fu ha—n)

1.5 mL =y X F2—712, /L&Y 3d, 3n, 30, 3p TENEIALEE S u7- U937 i
Z (A L, [BI#E5EL 2000 rpm T 3 oy Dy BEZ 1TV PBS TUGH R, S B IZ MR 2000 rpm
T30, mBODBEE T T2, =y X TF 2—TNO EIFEY BRVN =1, Cell Lysis Buffer
100 pL % FEPMC BNy T ¢ 7 U Z TR LTz, 4°CT 15 /2 [MiE = | [FIEEEL 15000
pm T 20 /M@ LBt Z T - 72, BNz BiGaH LWF 2 —7 (22 8% L. RNase (20
mg/mL)% 2 uL Nz 72, 2z, 37CT1RFA »F 2X—F L, 5M NaCl & 20 uL KT
AV 7a T3 — & 120 uL Iz, 20°C TRk L=, RIZ, Bl 15000 rpm T
15 il Bl L. RIEZBETE L7-t4 ., [BlH5%k 15000 rpm C 5 il OB L, RiE %258
2IZREL, XL & TE Buffer 10 pL IZ8fE LTz, G oMK E . 2% 7 Ta—2 77
JVEESRPKENCHE U7, FEXUkEN#. . SYBR Green I (Molecular Probes) T 30 234t L,
FluoroImager (Filter : 530) (Mokecular Dynamics) C/7 /L D [H[{§ % BV A, Z 3240 4 FEFHD

DNA T % —%&157=,

1-2) 7 u~F ke

24 N7 L — T, U937 #ifa% 2x10° ffl/well/S00 pL THERE L 7=, &IZ 20 mMOILAEY

3d. 3n, 30, 3p ZZNZENDOT L — NI 5 uL FAEIRE 200 uM)ERIN L, 30 43, 1 R

FOr 6 REfEA % 22—k L72U937 filfldz v, BLFOFEICL D, £t h s n~F

R A HERR LT,
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FP. ERRO X IcENEROLE Y TREL L 72 U937 il s PBS THe L7z, IKIZ. 1 %
TNENT T RT2 R EEE L, mOoBEHZ LD 72T VT e RElREL,
X HIZPBS T L=, XL v h% PBS20 pL (Zf#E L, 10 uL Lo T, 1 mM O ~F A K
33342 ¥iR(Calbiochem) 2 pL SRR TT%, AT A4 R TR T LT, RBIReATA RAZ
A Z @O TAMEE U SR (Ultra violet : JiliZ Y 330-380 nm, #£35E 420 nm LA L) THIZ L=,

ZORR, N ENOEICIAMBL T H S b,

1-3)  LDsy #IE

RS : BLEZERGR MR AR AL U937

BiHh : RPMI-1640 (Z 1M & HrAWE % i

Mg : FRMiE(Calf serum) FLEM'E : Amphotericin B 2.5 mg/mL, Gentamicin 50 mg/mL

Penicillin-Streptomycin 100000 units/mL-10 mg/mL

S E OFHEE - R E A DMSO(Dimethyl Sulfoxide)(ZiAfiE S, 2 20 mM IZFHEK,
DMSO D &I & 1% L A& TR L 50, 100, 150, 200 pM (2%,

WIHHIREL 3 x 10 cells/mL

REARERD ¢ 72 WERE] (BEEESRME 37 °C. CO, IBFE 5%, NN DERE: THEEE)

FEAYE

Trypan Blue 7% : A77#lflE Trypan Blue A58 K » T A ST, MO AN RGNS, Z
DR % IV, A7 O 72 % 3H0T 5 .

MTS Assay i : X b RUTICL DT 7Y U U AEOELEHAV, ErrIShizhr~¥
B AW TRIET 5.

ERROEME AW, AfFE U937 1237 2159 3d. 3n,. 30, 3p @ LDsy ORIEZAT

-7,
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BAE RIE

EHIT, HHE ST V0 MCHIRIA & H T 3 — L & A T BT LSS S 2 T 4
MU, 2O 27 220D E T AT Va—EH 1 LE=1L—TFT /L2 )
2T NAaXTT RTE KR T UFER 3 N EHICLIBIERSARTELZ L%
B oMz LT,

ZOMEE AT NTIE, AT 3= ARRPTH ) ARE RV EERNLT D, O T
I VIR EEFR ST T AR L R CTAERT 237 P Ak KU RBSRAICEL S 4,
fRIEPEA R E LT L S 2D, T8RO, YA 7V TROEERNAT T LE R R
MHRT VT AE RuoLd F 4 A RS EREA~O ARG 2 FIRICEf TS0 2 &0
TEILEERD, EBIT, AFRTIEH, Yo FINTha— L= Lo—TLnbEDL
ND 2-TNaXxv4- XV VTF T hTk R 7 RO T V7 L O SRR B IZ 55
H U, & BMEROBIRAERZ ML LT, ZOMM-BRILEISD A 1 = X L2 LT,

WIZ, T OFHBCSOSAE DO RFAIE D MATERER, U v I —TUfhie L pEEh D 2
i/ N7 27 & 2 MFBEOMA GRS, ¥ T AENLTThHH(S,S)-4,4 - PV ERA X
VU v Ba HBIAT T INT N a— Ve =L =T VOO TDORF I v T
VIR E R LI, Thbb, v I T va—(la)k 7T E =)L —T /L (2a)
EDFUEING . FIET D ERD 3¢ BAFIER 53% THLN, ZOMEIT, ZORETH
TLHEHL CTEVE TR WA, Bl s U CitEz2 AW AEFY v b —Blgbof <
X R EVEE LT T E D, ZOARFMBES X T MW TH AT 32— L3
EZm ESEDZ EERALMNT LT,

Z DOARF RIS TR B VT LR M(+)-3a (L) DAL E . N y
X-Bk G AT 72 EOFEEZ O TR)-RE LTRET 5 2 [:j/z;%%/\

EMTE, ZORRIT, 4. RAFLUEO KPR 5 (R)-(+)-3a

118



T Do DEHERFERIZRD LD D,

HElig /X 20 b BEERER ., T 22— 1 L (S,8)-5a (1/1/1/1) D> 5 72 5 RS 27 L b |
X T VB 1(S,S)-5a HFFO 2 fliN T U AERE HBETH 2 LR TE D, ZORRE I
LT, ROZED -T2, ()FTNENL A S5a DFETFT TSI 2T a—uE, 2o vy
L 2 A O MBEEEZ A ESE 5, (2) Z Oflf O IT PAX,/CuX,/catechol/ 5a = 1/1/1/1
No7ed, B)YHT 23— /TELINZENZEAL L, ¥ T VENL T Sa 1337 0 ACELT
2o

Bom, FOETHE LR E AL, BT VU A-BREE-1 7 2 —1
«(S,5)-5a MBI AT 2T A TIR, BT a— IS FIRBRRIC L W BSICTRIE S o-F
Iy ESZD, TOo-F ) UKIE, BELL 11 OBMRTHICENMN TS EEZLND Y,
—F . X FENLA(S,S)5a T3 T7 VU LMERNICEMNT D EEZOND, ZOEX L
LT, BEE/NT U AN Y TV a BERREDN D IERL S D SR O BT T LV &
TRUIR LTz, ZO/RT 20 AL DR S 15 ESEROMBERIZ, 2 SO4 M

TT = A VBRI FED Y EEN TCnWbd EE 25, £72. 20a°b DL O

BEEIRC, = T ARt TFA
o ~ TFAL | .x .
TR T DT L% T VR \\Cu‘,‘/“ Spgt
o : “oac” :>
ERAL T, BOSHEITER-F /7 o)
C: = (S,S)-4,4'-benzylbisoxazoline
Mz L > CHIIS D &5 % 20a: X = OAc

20b: X =H
TWa,

BEE T, AR CTELNZARYO e N AMIEME U937 12X 5 TR b — A%
PEAFRA L7, 20700, —H0 27 A ax Lg% boF hTE K75 U ikEks,
B RS (DAL 2 W TS IS AT 5 k% R, m
HiL7, Zhb—#HD7 7 ALGMOHT, (22-7 kb ON o 0T
3d

XFVb-@G-=hbaxX VT ANT T Rer T
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(3d)A3, U937 MKkl L Tl bIRWT AR b — v AFEEE 2> Z L3y o=, -,
W7 L F I A R LEMIE I AL LT W e AbEW 3d D K D 72 do DFEEE ORI
GBI L TH D = & 75, HLB (Hydrophile-Lipophile Balance) 518112 & 2 ¥k 3E
fili. KON AWERERIC X DGR OFE R 6o o 7z,

LU IR 7= ARBFERCR 2 & 2 T, A% O & 72 5 MBI, (D)HAHE Cy - E A A%
VU AR T DU ASERO BN EREE 2 FRT . BT T VBN ORRGEEATV. REL
> 7V T ROSDOAFRR LIZOWTOMGE, Q)7 md I A7 Vo LERFESREHR & O
AREDAMEY I —BIKE T, 2737 27 A KD =T o F A1 KBS O FEH O g,
Q) HOKFHEMN 2-T L aX T v T Ka 77 ARo U937 Milackd 57 AR h— &

EIERA R E LD, A%, ZNDORBEN LY BRIV MEEND Z L 28T 5,
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